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A ullificcl  model is ]]rcscnted t]Iat quantitatively  i)lterprcts  t}le observed charac.tcristic.s
of the nuclear trai Il, the two dust trails, and t]l~ tail rcgiol[  of l’/S}loeIl~akcr–],  evy 9 in
terms of a collisiolla]ly  modified rotation  vc]ocity distribution of the comet’s debris.  1’lICI
disruption of the parent comet was due prjmarily  to tidal stresses during its extremely
C.]OSC a]jproach to Jupiter in July ] 992, q’}le orjgilla]  Iluc]eus  is found to have bem at
least *4.5  kln in radius or, equivalently, W1017 g in mass, The dynamical separation of
thc debris occurred most probably W].5 hr after the pcrijove passage, CNCIL  tllougl[  the
actual fragincnt,ation  of the original mass is likely to have begun before closest approach.
l’llysical hrcakup  was accolnpanicd  by ubiquitous low-velocity collisions among the par-
ticulate,  Iesu]ting  ill a rcmrra,ngeme~lt  of th(, initial rotational velocities into a rapidly
“the rn]alimcl”  distribution, characterized by a long tail of relatively IIigh velocities for
ccIltimetcr-sized a]ld smaller  fraglnellts. T’he period of intcmse partic.le-pa.rticlc  c.ollisiolis
is estimated to have colitinue,d for at least w(). ] day, at which time the radial diflmmltial
perturbations by J upjter and orbital-ve]oc,jty difrcrenc,es begalj  to dominate  the relative
motions of the debris. g’he particle ~nass  clistributioll appears to be fairly flat, m m-l d~it,
for ce]ltimeter-sized  and larger fragments, but steeper than m -2 dm for the microscopic.
debris. g’he  fine dust contributes InUC,]I of the total  observed cross-sectional area, but
its share of tbe total mass of the assemblage is IIegligiblc.  Tbe effective radii of the
21 largest fragments ra]gc  from <1 kl[l to >2 kin, based 011 weaver  CC’ ZI].’s (] 993) results
and 011 constrai~lts  implied by our mode], q’hc debris  populating the west- southwcxtcrn
trail appears to be prcclolni]la.llt]y  pebble. and boulder-sized, while the debris in tlie
cmt-~lortheastmll  trail is ~nost]y subcclltiII~etcI-sized, ‘1’he diffuse sector to the north
of the trails (includixlg  the tails of the individual fraglncnts)  consists prilnari]y of lni -
croscopic. dust, sub jectcd to appreciable cffcwts of solar radiation  pressure. l’redictic)ns
arc presented for the projmtcd lengths  and position angles of the nuclear train, the dust
trails, and the tail region between n~id-l)ecembcr 1993 and mid-July 1994. Also predicted
arc projected separations of the 2] nuclei  and estimates for the impact times and other
circ.umsta.nc.es  of the comet’s e]lcountcr with Jupiter in 1994.



1. 1N’1’1LODUC7’1ON: ‘I’l II; CLJRRRN’J’  STATUS

‘1’ilc aim of this investigation is to illtcr]lret  tlic ullic~uc  a])])carance of l’crioc]ic  Cornet
Shoemaker- ],cvy 9 and to understand t}IC object ‘S history aIld csl)ecially  the C,irclr]nstarlces
of its breakup at the time of its cxccptional]y  CIOSC a])proac}l to Jupiter on 8 July 1992. ‘1’hc
comet’s observed appearance (Fig. I), which has IIot changed dramatically since discovery
in late  March 1993, can he described as follows: (i) the most spcc,tacu]ar feature is a train of
as lnany as 2!1 nuc]ci, whit}] liIlc up a] Inost ]mrfcctly  ill a dircct,ioll  from tllc cast-northeast
to the west-southwest; tllc train’s lc]lgt,]l  ]Iad incrca,sed  froln w50 arcscc at discovery to
w70 arcscc by micl-July  of 1993; (ii) cxtcljdirlg from the I]uc]car train on either side arc
dust f,raijs,  t]l~ West-southwcsknl  brallc}l llavjng t)CCII  reported as collsistclltly tile lollgcr
of the two and aligllcd  pcrfcct]y  (within  errors of observation) with the nuc]car train;  the
cast-l lort}lca.stcrll branch appears to h slightly bcmt relative to the nuclear train, lnakillg
all a.rlgle with tllc cast-west dircctiol)  about  4° grmte~ t}lall that  of tllc nuclear train and
tllc west-southwcstcml trail;  (iii) tllc IIllclcal train  and the two trails make up a boundary
of aIl Cx]ormous  sector of Inatcrial  that strctcllcs  to tlIe IIortll of it, gradually fading out;
the wide section of t}lis feature that is outsicle  the nuc]car train appears to bc virtually
structurclcss,  but  t,]Ic ba]ld of dcbrjs t]lat  issues  froIn t]lc Iluclcax traiI] displays a set of
]m-a.llcl, fairly ]larrow tails tliat extend to the wcxt-]lorthwcst and whcm roots can be
idmltificd  wit}) some of the individual  nuc]ci.

Scotti  and h4cJos}l (1993) IIavc pro])oscd  that the cornet’s tidal disruptic)]l  was CIUC CII -
tircly  to radial  diflcrclltial  l)crturbatiolls  by Jupiter, and fouI\d t}lat t}lc obscmwd  tcInporal
variations ill tllc apparent lcl]gtl] al]d oriclltatio]l  of tl]e IIuclca,r  trai~l  call bc ])rcdictccl  011
tl)c assu]nption  that tile breaku]) occurred exactly at closest ap~)roa,c,l)  to J upitcr  and that
tllc i]nplicc]  ]Iuclear diameter of the ])rogcIlitor  co~[]ct  was W2 km. ‘1’his  result  is inconsistent
wit]] the di]Imnsions  of the coInct’s  frag]iwnts  clctemnincd  photometrically froIn obsm-va-
tio]ls  ]nadc with the ]Iubblc  Space Telescope  (Weaver et al. 1993). On ccrtail] assum])tions,
the brightest fragment was fouI1d to llavc all cquivalcllt diameter of 4.3 kln aTld 10 others
dialnctm-s  bctwecnl  2.5 aTld 3.9 k~n. ~’llc  cquivalcnlt  clialnctcr  of a s~)hcn-c that wc~ulcl contaill
tllc mass of these 11 fragments alone is already  W8 kin. Accounting for additional contri-
butions from the remaining nuc]ci aIld froII] t}lc  large aII]ounts  of dust, OIIC obtaiIls a ]norc
])robable  estimate of 9 km for the nuclear diameter of the parent comet, whit}) is a factor
of allnost  5 greater than Sc.otti alld Mclc)sl}’s dyllamical]y clcrivcd value. ‘J’o explain this
discrcpallcy,  the briglltlless  c)f each fragment would l]a.vc to Lc ovcrestilnatcd  by more t]lau
3 lnagllitudes  or t]ic geomclric  allwdo undcrcstirnatecl  by a factor of 20 or ]norc! Whik
Weaver d a]. have rcmarkccl  tl]at  t]lc dc]ivcd nuc]car ]nag]]itudm may not be mltirely free
from rcsidua]  dust contamination in the ccntra] pixc], the effect is rathm insigqlificant.

‘1’hc inconsistency betwcm  the two estimates could hc rmnovcd  by postulating a highly
clo]lgated shape  of the origi]]al nucleus ant] assu]niIlg  tl]at  the phc)tomctric,  results refer
to its maximum cross section and the dyI]amical information to its IniniInum dirrwnsio]l.
}Iowcwcr, this ad IJOC explallatio]l  ca]]~lot k u p h e l d ,  si]]ce  it rcquirm  that the parent
co]nct)s  nuc]cus s])lit along its shortest (and t}lcreforc tllc least likely) body axis and that  all
11 pllotomctrical]y  measured nuclei  projected their ]naxilnum cross-sectional areas toward
Earth at the same time. Rather than subscribil]g to suclI a vul~]crable  llyl)othcsis, wc have
searched for imltcrnativc  dyna,rnica]  solutions t}lat,  would be xnorc ill lirlc with tl]e evidcllce
])rcsclltcd by Weaver cf al. (1993).
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2 .  IM}’ROVED OR}ll’1’ IIKI’I’;RMINATION

IJot})  the Inode] development and tllc comet’s highly probable collision with Jupiter in
Iatc July 1994 give a cmtaill  urgency to the cfic}rts to compute ac.c.urately  this object’s
orbit  ancl  predict its future motion. Llnfortunatcly,  computations to deterr-nilie  the orbital
characteristics of P/ Sllocmaker- ],cvy 9 have bccnl  IIam])crcd try a lack of a.stromctric  in-
forlnation  pertaini)lg  to the individual nuclei. Almost all the absolute astromctric data
received to date refer to the lnidpoillt  c)f the nuclear train allcl  this pc)sitioxl  is not llccessar-
ily the colnct’s ceIIter of mass. ‘1’able 1 prcsc]]is the IIclioccntric, ancl joviccntric  orbits for
tllc comet based upcm 157 astrolr]ctric  ])ositio)ls  spal)ning tile interval from 1993 March 17
througl]  July 11. Although the colrlct is ill a locmely bouud  orbit about Ju~)itcr,  the orbit  is
first computed ill the heliocentric mfercnlce  fralnc  (J2000) and the)] collvcrtcd to the jovi-
cc,rrtric reference frame. It is this latter flame  t,]lat is cnn])loycd  ill the subscquc]lt  a~lalysis.
‘1’l]c J]’], planetary cphcvncris  1114;200 (Stanclish  1990) has trccn used in our analysis. In
tile orbital solutions, tllc observed a]ld computed positions arc subtracted to form observa-
tion rcsidua]s  and t}lc  initial orbital ]Jaralnctcrs  arc adjust,ec]  by a least scluarcs diflmential
correction process ul]til the root- ~nea~l-square  value of tllcsc rcsidua]s  reaches a lnillilnum.
IIccause  of the pccu]iar  nature of tile object’s ilnagc allcl  tllc confusiol]  as to wllicll point of
t}lc nuclear train  was mcasurwd,  Inaliy  of the obscrvatiolls  hacl  to k clilnillatcd  as discor-
cla.]]t.  ‘J’he flllal root-lncan-square  residual of tllc 157 rctaillcd  obscrva.tiol]s  is 1,37 arcscc.
IJcc.ausc  tllc co r ed  i s  ill a 100SC orbi(,  a b o u t  Ju])it,cr, t]lc ]xrturbativc  accclcratioxls f r o m

tl)~ SUII arc unusually  large and t}lc c]larac.t,eristic,s of tile ]le]ioceIltric,  WIC] joviccntric.  ortrits
cllarlgc c.onstallt]y  wit}l tiInc. ‘-1’lic following c)sculating  ortrits arc a~)})ropriatc  ol]ly for the
il]stallt  c)f t}lc given epoch. ‘1’lIc orbital data fc)r the 21 illdiviclual  lluclci  based on tllcir  rcl-
a.tivc astromctric obscrva.tiolls  (J cwitt  1993, Wcavm et al. 1993) rcquircc] a special strategy
allcl  their analysis  is postponed to Sec. 8.
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11’IG. 1. image of Chmet  I’/Shoc]nakcr-  lmvy 9
t,ascd  upon a 440 second cq)osurc takml by
J. V. Scotti  with the University of Arizona’s
91-cm Spacewatch  telescope on March 30,
1993. ‘1’}le  field is 9 arcmin  on a side, with
north up and cast to the left. l’hc  nuc.]car
train, the two dust trails, and the wide sector
of material, wit}] the multitude of narrow tails
clntmdded,  are marked. (origi]lal courtesy of
J. V. Scotti,  l,unar & l’]anetary  ],aboratory.)
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3. NUCI,E.AR TRAIN A N D  J) UST-TILAIL  D Y N A M I C A L  CONS’I’RAINTS

A Ilulnbcr of numerical il~tcgratiol]  runs were Inadc to investigate t}lc colllct’s  ]notion
about  Jupiter. }’;ach t ime bcgilllling  wi th  the llomi~lal  jovicentric  orbit  rc])rescntcd ill
‘1’a.blc 1, wc assumed that the comet tidally  clisruptcd  at or Ilca,r  tllc ]992 pcrijovc  time
and numerically fol]owcd  the c.omct’s suhscclucnt  motion as it evo]vccl  under  the influcncc
of solar and plallctary  ]lcrturbatiol]s.  }~’or each nulncrical  cx]m-imc)lt, the co]nct’s  )Ionlilial
orbit  at the assu~ncc]  time of (Iisruptio]]  was varied by one or more colll])ollcnts  in its
position or velocity vector.

As a cl)cck of our computations, wc USCC1  tllc i]litial  col]ditions and assulnptiol]s  cvn])loycd
by Sc.otti al}d MC1OS]I (]993) arid c]osc]y reproduced their results. WC tl)cll substituted our
lnorc recent initial orbit  (’1’ah]c 1 ) and colltiIluccl tllc al]alysis, Assuming that,  t}lc tidal
disru])tion  occurrcc] exactly at the July  1992 ]Jcrijovc,  wc could rcproducc  the length a~ld,
ap])roxi)natcl:y,  t}lc positiol] allglc of t}~c Iluc]ca] train  over a ])criod of hlarcl)  27-July 17,
1993, derived frolll IIigll-precisioll  positional data (Jcwitt 1993, Weaver et al. 1993), by CIn-
]Jloyil)g  cit]lcl  a diffcrcllcc  ill t,llc C]istallcc  frolll t]lc COIIICt’S  ccq)tcr of lnass of Ar = 0.89 kll)
along tllc Ju])itcr-  comet ]il]e or by i~ltroducing  all il:)l)ulsc, i]] t})c directioli of tllc orbital
velocity, of AVor~, == (). ] 87 In/s. ‘1’bus, il] tcrlns  of tllc nuc]car trail) olmnwatiolls, either
a slna]l radian separatioxl  of t}]c fraglncllts  at C]isrul)tioll  or t,]lcir slnall vc]ocity  i]lcrclncllt
(or a col,ibi,]i~tio,,  thereof) would rcsl]lt i,l t])cir same a],],arcnt  cvolutio,,.  0,, t],c ot],cr
ha~]cl, I]O]IC of the remaining  illitial position or vc]oc.ity colnl~ollcnts  had a lncasurablc  effect
U])OII the cvollutjol] of t}lc  fraglllcnts  in t]lc trail),  as SCCII  froln l;artll. Wc next varied the
tilnc of disru})tion, to, and found that, it, critic.al]y  aflcc,tcd t}lc  rcsu]ts in a ]Iigllly llolllillcal
fasl]io]), as SCCI1 from l’ig. 2. I’hc curves can closely be reproduced by diffcrel]tial forms of
tllc virial thcorcl]], employing a quasi-parabolic a])proxiInatioll and assumirlg a sl)rcad of
Al’J = 5 .55 clays  among the osculati]lg  joviccntric orbi tal  periods of the fraglncl)ts.  ‘J’lIe
cquivalc~lt  values of Ar (in km; at Al{,,l, = O) and of AV&l, (in m/s; at Ar == O) arc

TAFH,E  1. C)rhital paranwtms  for I’criodic comet Shoemaker- l,evy 9.
.. -—. . ..— —. .—— — _. .  — — — _ ——— ———— ————

IIc]ioc.cmtric. orbit  (J2000 ecliptic refcre]lcc fralne)

]’:pocll (T])])) 1993 Aug. 1.0
F;ccentricity 0.04989254:0.0002306
]’eri}lelion distance (All) 5.0028102 4. 0.0007084
l’crihc]io]l time (’l’])}]) 1997 NOV. 29,177775 + 6.3198
Argulnent  of pcrillelio~l 32°.8878195 d 0°.4651962
],ongitucle  of ascending node 297°.05377743 0°.0408877
]Ilclination 1°.11056584 0°.0002375

—— —.— — — .
Jovicentric.  ort,it.s (J2000 ecliptic reference  frame)

— .

—— —- —— ——

]’;J)OC}I  (TIMI) 1992 July  8.0 1994 July 21.0
l’;cc.entricity 0.9959494 0.9987037
}’erijovc distar,lce  (km) 112820.73 35721.56
l’erijovc  time (2’1)11) 1992 July  8.01997 1994 July  2).21845
A rgurncnt  of pcrijove 254°.47689 274”. OG31O
l,on.gitudc  of ascending node 50’.65833 44°.75213
IIlc.linatiorl 63°.59388 76°.77102

——. —.— ——.—.- —— ————
0 ‘l’tie etloh arc 1-0 forjlml solutio:l UIICCI Laillties.
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i; 1Al~ Z.2 = 0.8922,fi};rb = ~ 3],:/3

A%L(~cr)  Ar=O =
[

(27r)’/3 ky’{fi. . . . . . . . . . . . —-—
1

103A}\ & = 0.187@,
3/2  —~f/3

(1)

whcm kJ == ] .12564 x 104 kmj /s is the ~;aussian  gravitatio)la]  constant for Juj)itcr,  gJ allc]
}’J arc t h e  Colnct’s ]wrijovc  distal]cc (ill kin) and its jovicc!llt,ric  orhit,a]  pmiod (ill s )  a t
the osculation time of .July 8, 1992 (rJ’able 1 allcl SCc. 2), alld tllc dilnellsion]css  quantity
2 is t])c jovicmltric  distal)cc at breaku~)  iIl units  C)f ~J. I II a parabo]ic  approxilnation,  z is
related to the time interval bctwcm) brcaku]) and ])crijovc, iO -- Ij (ill days) as follows:

[iO-- ~j[ =  ().(J]8368{z-  ] (2-1 2 ) ,  z ~ 1.
—.-..

(2)

IJor iO = 7’J, wc have, of course, 2 = 1, w]]crcas for iO = 7j 4 0.05, 0.10, 0.15, a~ld 0.20 clay
z is, rcspcctivc]y,  1.579, 2,478, 3.339, a]ld 4.142.

Tllcrc  also is a small eflm.t ill t})c ~msitio~l  allglc of t])c train. ]~or tO Z. 7\ t]]c calculated
])osition  angle varies from 257F5 in late Marc}) to 255Y5 ill mid-July 1993 regardless of the
assumed sccrlario.  A clla.nge Ly i 0.1 clay i]) tllc tilnc of Lrcaku])  shifts the )Iuclcar trail)
oricv]tatiol]  by u]) to --0.05 in citllcr a])})roacll  (Ar or AV&l,). }“01 a clla?lgc t)y -0.1 d a y ,
tllc rcspcctivc  cha)]gc  is + 0:5.

‘J’llc a.bovc conclusions also larg,cly a])p]y to the dust trails, cxccpt  that tl)c scq)aratioll
cfi’cct  is co Ilsidcrably  greater. III order to asccrtaiIl existing ohcrvatio)lal  cc)l)straillts,  we
list, i]) ‘1’able 2, all illforlnatio~l  o]] the dust trails- as WC1l as tllc tails- that wc have bccll
able either to filial ill the literature or tc) derive fro~n available images. II)spcctiol] of the
tahlc sliows that  a,rly intcrprctatiol)  s}]ould cxp]ail}  tl)c trail extent,,  in late hfarch 1993, of
u]) to at least 10.5 arcrnil] i]) t]le Wmt-sout]lwcstcrl)  dircctio~l  al)d at least 6.2 arcmill ill t}lc

TIME OF TIDAL DISRUPTION (hr from perijove)

~-r+r+.:;.-,.  ;...., .:: ..-T- :: . ...-7 . ..+L
J

400
15-

300

10-- -

- -200

5-
100

0- -14-
-0.3

J...lJJL.lJLJLL L4.JJ4.JJ.J 1 .1.–1–1 1 & J 1 1 . ...1

-0.2 41 0.0 +0.1 +0.?
TIME OF TIDAL DISRUPTION (drrys from perijove)

FIG. 2. Radial  scparatio~l Ar
at hrcakup  (lcf~ scales) and the
orbital-velc)city  incrcmcmt AVOrb
(right scales) vs. the time of
brcakul,.  All plotted values of
Ar (for A V!.,L = O) and A V(,L
(for Ar =- 0) satisfy the observed
halflcrlgth  of t}lc nuclear trairl
(outside scales) arid tile length
of the west-southwestcml trail
(inside  scales).

o
+0.3
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cast-])ortl)eastcrIl  direction. If tl)c comet broke up exactly at pcrijove, the rcquirccl radial
separation for tbc west-southwesbmI trail is AI E- +22 km, wbcrcas the orbital-v~locity
iIl~r~~llc!nt  is J&~~OIL  G +4.7  111/s. }“ol t]lC CaSt-IIOIi}lCaStCrIl hai] i}l~ resp~c.ijv~ ]lu]h!rs are

A7s = – 13 kln ancl A\&L = --2.7 ]n/s.  For tllc debris that physically separated somcnvbat
before or after t,bc closest ap])roacll, Tnucb  greater values of Ar or a little greater values  of
AVA, arc required (F’ig. 2). It is show]) ill this paper  that even though tbc particle-rwlcasc
llmcllallislns  arc diffcrcnlt,  tllc ])ro])crtics of dust, ill tllc trails  of l’/Sllocnlakcr-  l,cvy 9 arc
similar to tbosc  of particulate nlalcrial  ill the trails of scwcral short-period colncts (C.g.,
Sykes ct al. 1990, Sykes and Wa]kc.] 1992), w}lic}]  lcd us to accept tbc salnc tcmninology.

])ust partic]cs  rc]casccl during  the breakup ant] subsequently affected, to an apprcciab]c
degree, by solar ra.diatioll  ])rcssurc wcm fouIIcl t,o liIlc up, from eat}] “I)arcnt” fragment in
the train, at a ])osition  ang]c  of 280° ill late March, 270° ill late  h~ay, and 2710 iIl mid-July
] {)93. ],ocatiolls  of dust  ~)artic]cs sllbjcc,tcd  to radiatioll-],rcssl}re  acce]cratiol]s of ] % of

t]lc so]ar attr?lCtiOIl  were bctwec]j  0,6 ay]cl 0.9 arcniin from t]lc nuclear  train in late March
tl]rougll mid-July, wit]l t}le ]nillilnuln  l)ro.icc.~ml  distallc~  r~ac}led  ill h~ay. }~otll  ~l)c lcI%tll
a]ld orientation]  of tl)c tails arc inscnlsitive  to tllc time of breakup, Wc also calculated cffcc.ts
duc to tbc light, rcflcctcd froln Jupiter and foul]d tbcm IIcgligibly  small.

‘1’lIc IIigll corrclatio]] IAWCWII tl]c dis])crsioIl dl”ects by the jovia]l radial  ]mturbatio]ls
011 tbc OIIC ha,nd aI]cl by slight c}]a]]gcs i!) tllc orbital velocity 011 t}]e otl]cr is illustrated
i]] l’ig. 3, ill which tbc nuc,]car-trai)]  solutions arc ])lottcd for scwcra] assumed times Of
disru])tiol] arclullcl tl)c 1992 ti)nc of closest ap])roacb to Jupitm. “J’his rcJatiollsllip, too, is
])reclictccl  by the virial thcorclll.  II) a ])aral)olic  ap~)roxi]natio]i,  its forlll is:

‘1’AHLR  2. ()]mrvations  of dust  trails and tails  of l’criodic  cornet  S},oelnaker- ]AWy  9 (1993c).
———— —.——— .. ——..  —

I)ust  trails
-— . . . . . . . - .
l;ast-rlortllca.~tcrll }Jrest-sc,tltllw’estcr]l ‘J’ai]s

.— —. -———...—— . . . . -.. ———— —.
I)ate 1993 lJCIIgtlI l’ositioll IJcll.gt}l l’osition IXYlgth” I’ositioI] ohscrver(s)

(lJrJ’) l(arclnin) angle (arclniu)  a n g l e  (arcnliu)  aliglc & refwc:lc.e
.—_-———..  — _——  —

Mar. 26.30 4.20 74” 6.89 260° 1.34 286” Scotti  (1993)
28.02 0.7 72 2.3 256 1 300 Cavagna  ct al. (1993)
28.24 3.96 72 >4.37 258 1.21 285 Scotti  (1993)
28.29 73b 2W+ Wisniewski  (1993)
30.31 6.16 75 10.43 260 Scotti  (1 993)
31.2 292’ IIclin (1993)

A p r .  1.71 2.9 77 3.4 258 Naka~nura (Green 1993)
14.59 3.4 71 3.3 256 Nakarnura  (C;rec~l 1993)
14.63 2 70 ~ 255 Urata (1 993)
17.58 3.0 70 3.6 257 Nakamura  (Grecnl  1993)
25.52 2.3 74 4.8 256 Nakarllura  (Grcml  1993)

May 15.61 2.5 75 3.0 256 Nakarnura  (Gree~l  1993)
17.84 10 .-260 Mikuz (Cirecn 1993)
20.61 255 Nakamura  (Green 1993)
25.60 2.8 253 Nakamura  (Green 1993)

— . _ _ .  — _ _  — —  . . - .— — ..——. ————. —— —-. .- ————— —.—

a Applies  to the tail of the brightest fragnmnt.
b ~caqured L,y Z. sckm~m
C 

Measured by Z. Sekar]]lla and 1{. A. Wm)hery.
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(3)Al~,.L(i[,) :-- A --11. Ar(iO),

whcxc the cocfflcicllts  A (ii] m/s) aTlcl 11 (ill In/s/kin) arc

A  = Al~,l,(tO)  ~,,, ~ = 0.187 z]/2,

A h,(k))
]] ,,- _.___._. _AL=JI , .  O$Q] () ~- 3/2,

Ar(tO)
Al;rl, ::0

(4)

and 2 has the salne ]ncalling as i]] (1) and (2).

An obvious infcrenc.c  froln t}]e (Ar, Al&L) corrcdatioxl and its clcpcnclcnce  cm tile time
of disruption is that Scotti arid hfle]osh’s  ( 1993) very tig]lt const,ra,i]lt ON the pa.rcnlt  c,oInct,’s
lluclcar size is sus~xxt  o]i dyl]alnical  groul!ds. WC clcndop  an a~)proach  that  allows us to
c.o~lsidcr  bet}] sour-cm of dispcrsiolJ  effects a~ld tc) illtcrl)rct  tllc tidal s])littillg as a tilnc
dc])clldcnt process  ratllcr  t}lall  a suddml  cwcl)t. ‘1’l)is a])prc)acll opens up all attractive
opportunity for modc]illg  t]lc IIuclcar train, t,])c dust trails, a~ld t}lc entire  tail rcgioll as
dificn-cnt  manifestations of t}]c breakup al]cl as ]Jroducts of t}lc sa~nc physical allcl dyl Ia]n-
ical condit,iorls  that accompanied it. ‘1’hcsc co))ditions  arc, in part, detm-mined by (i) the
parcllt  colnet’s state of rotatiorl  at t]le t,irnc of b) caku~) ancl (ii) the inevitable gravita.tiollal
])crturbatiol]s  mld collisio]ls  alnong ;Ildividua]  ~)icccs of t]le d e b r i s  during  a suhscqu~nt
lilnitcxl period of tilnc, An important charactmistic  that dcscribcs the el]virollmcl]t of
tllcsc par-tic]c  interactions is t}lc velocity distribution of the dch-is. A cruclc csti]natc  for

t -1

0
-.
g.

-4

tI’lG. 3. Relationship between t]lc radial
separation Ar and the incrcmcnt  AV&L
in the orbital velc)city that satisfies the
observed dispersion effects on the nuclear
train, as a function of the tirnc interval
between t)rcakur)  and l,crijovc,  to -7 j (in
days). For cxarnp]c, for a radial separation
of 10 kni at pcrijove  (to- Yj = O), the
observations can only be reprcscntcd  with
an ort)ital  velocity incrwncnt  of - 1.9 111/s.

[11 I-_JJ–L-_d--I-_ L-J..–ll_L_L_L__L___L_ J
O 2 4 6 8 10 12 14 16 18 20

RADIAL SEPARATION, Ar (km)
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WI i]litial ~Jarticlc velocity is providcc]  by tllc surface csc.apc velocity, V’SC,  whic]l for a s~)hcrc.
of radius R (iII km) and average hulk  dcIlsity p (in g/cm3)  amounts (in m/s) to

(5)

lkausc of the cxtrcxncly  low co]lesioll strcllgtll  illdic,atcd  by tllc c,olnet’s t i d a l  b r e a k u p
(Sckallilla 19!33, Scotti and hflclosll 1993), wc prefer a low dalsity of p = 0.2 g/CIn3, which
for colnct,s  ill genera] was also illfcrrcd  froln ot],cr evic]mlce  (e.g., ILickman  1986).  ‘J’llis
density yields \~~C == 1 lil/s for a IIUC.ICUS 3 klll in radius and 0.23 x 10 ]7 g ill mass; alld
2 m/s for a nuc]cus 6 km ill radius and 1.8 x lo]’g ill lnass. on a rotati]lg  nucleus the
esc.a]m ve loc i ty  call bc lower or lli F,l\cr  tllall  tllc value  givcll by (5), dc])clldi)lg  011 t}lc
dircctio]l of tl)c rclca,scd lnat,cria] (])obrovo]skis al]d ]]urlls 1984). A rotatiollal]y  unstab]c
object, whic]l spills  wit]] all ccluatorial  velocity greater thal] t}l~ (a]~propriatcl~  corrc~t~d)
mcapc  ve]ocilty,  has a rotation ])criod shcmter than the critical va]uc  c)f }~rit  = 3.30 p-]’z  hr,
cclual  to 7.38 hr at tllc abc)vc  lcnv dcvlsity. It is ol)vious  that ill the course of iidal  fracture
t}lc IIcighboring,  fraglncllts  of t}}c ~mrcllt IIuc]cus arc rc]cascxl  with ty~)ica]  relative velocities
that arc only a small frac.tic)ll  of 1 ll-

I/S. l]) the followi]lg  we c]istinguish  bctw’cm] t}le  nuclei,
wllicll  WC usually call fragmc]jts  or Jargc frag]mmts, allcl  the relnaillillg clust lnatjcrial,  wbicll
we call (clusi)  partjc]cs or particu]a  id dchris c)r just, debris.

Since the axis of maximum tcllsioIl is aligl)ccl  wit]] the radial dircc.tiol] to tl~c ]wturbing
l)lallct, tllc tidal clisru])tioll  will tm]c]  tc) ])rocd aloIIg t}lc stress ])lallcs that  arc ]lorInal
to the co)nct- planet li~lc (Aggarwa] and obmtmck  1974; l)obrovolskis  1990). ]Jisrcgarding
t]lc })ost-brc?lkup  intcrac.tiol]s  for a lllolnc]lt, w’c c,o]lsidcr  three  ])articular  rotatio]l  s t a t e s
for tllc origillal  nuc]cus at tbc time of splittil]g  tl]at  coillcidcs  wit]] ])crijove. If the sp iu
vcc.tol-  is ill 1,1 Ic orbits] p]al)c a]]d oricIlt,ccl  ~)c] ])clldicu]ar]y  to t]lc coInct- ~u])itm ]iIIc at
brcaku}),  tlIc Iotat,io]l  vc]c)citics c)f IIcit]lcr t]lc ]argc fraglllmlts llor t}lc particu]at,c  d e b r i s
ill the trails will contribute to tllc trm]svcrsc  clircctioll. ‘] ’hus, the observed c.onsidcrablc
cxtcllt  of the trails cannot  bc cxplaillcd, ill t,cI-IIIs  of this ]Iigbly idealized lnodc],  as a xcsult
of ticlal fracture of an il]ac,tivc colnct IIUCICUS. If tllc s~)ill  vector is llormal to tllc orbital
])lallc, tllc colllbirlccl  clispcrsiol]  cfl”ccts  of Ju])itcr’s  radial differc]itial perturbations and of
tllc trallsvcrsc?  coInpoIIcnt c)f tllc rotatioll  vc]ocity  on the large fraglncnts  al)d tllc trail
debris will be compara.b]c,  ‘1’hc diffcrcncq  ill tllc extent of tl)e IIuclcar trail] and the dust
trails is thus OI)CC agail]  ]Iot qualitatively ullc]crstood. Co)lsidcr next a scc]lario  ill which
the s])ill vector points at Jupiter. Sillcc tllc stress planes arc IIOW cut alol]g tllc parallels of
colnctoccntric,  ]atituctc, tljc centers of ~nass of t}lc large fraglncllts  will bc lc)catcd  on (or, for
all irregular nucleus, very near)  tllc rotatio]l  axis alld they will rcceivc a rc)tatiollal-  Lut no
translational- rnolnentum  at breakup. ‘1’bus, tllc dispersio~l  efiect CHI tllc large fraglncllts
will bc duc entirely to the cliflcrcl)tial  pcrturbaticnls, as assumed by Scotti and Mclosh
(1 993). 01] the other }Ianc], the rc)tatioll will irn])art some tralls]ational  lnolncl]tuln  ill the
tral)svcrsc  direction to the clcbris,  cxccpt for partic]cs  distributed alolig  the Inm-idial]  that
lies i]] the orbital plane at the tilnc of splitting. In adc]itio]l,  all particles coming froln
locatio)ls outside tl)c cqua.torial  ])lanc will bc subjcctcc]  to radial difl’crc]ltial  ])crturbatiol]s
by Jupiter.  g%us, of tl]c three sc.cllarios cc)nsiclcrcd, OI1lY in tl]is t]lird OIIC will t]]mc bc
a qualitative differe~lce hetwecn the dispcrsioll effects 011 the large fraglncnlts  ancl  OXI the
])articulatc  debris, ltven without co]lsidcn-illg  tbc post-breakup i~ltcractions, it is apparent
that the spatial distributions of the tidal-fracture products will be aflcctecl  by the ])rogc~litor
colnct’s spill-vector orientation at tllc tilnc of s])littillg.
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4 .  EAR1,Y  IWOLIJTION C)F ‘1’IIIt llE}\RTS:  GRAVI’I’ATIONA1,
AND COLLIS1ONAL INTERACTION

‘1’o illustrate the role of gravitatioIlal  perturbatioI1s  aInong the individual pieces of the
debris immcdiate]y  following the breakup, we co]npare  tllc gravitatiol]a]  acceleratioIl ~r by
a large fragment, of mass A4f, at a dista]]cc rf,

G’A4f
-yf =.. - . - -- , (6)

wi th  Jupi ter ’s  diffcrcmtial gtavitatiol)al  accckation  A~J over a span ATJ ill the radial
direction  and at a dista~lcc  ?’J from the p]a]lct,

ATJ Z-
2G’A4J
–-T--- A?’J,~.j (7)

where  G’ =- 6.67 x 10-”8 c]n3/g/s2  is tllc gravitation col]stal]t. ‘1’akillg A4J = 1.9 x 1030 gt
?’J = 1.13 x 105 km (rJ’able 1), and, for a large frag~ncnt,  A4f ~ 1016 g, wc find that  the col]-
dition A~J >> Vf is satisfied o~lly when ATJ >> 1.6 km. ‘J’lIUS$  tllc g[avitatiolla]  attraction
by the large fragments is not cntirc]y  ))egligible  ill the early post-breakup period, especially
]Iot on particles for which the point  of closest al)proach tc) SUCI] a fraglncl]t  is located ill or
IIcar the plane ])crpmldicular  to tile ccnnct- Jupiter dircctioll,  w})ere  AVJ @ O.

‘1’o estimate tllc magnitude of all illtegratcd  cflcc.t by a large fragme])t,  wc collside~ a dust
partic]c  )noving  ill a }Iypcrho]ic grazing orbit  lclativc  to the fraglnel!t.  SiIlcc tllc cscapc
velocity from any fragment is sigl)ific,alltly lower t}lall  that fro~n the original I) UC. ICWS,  it is
likely that i)liitial  rotational velocities of soInc ])articlcs already exc,cxxl a frafyncllt’s cscapc
velocity. It call be shown tl]a.t, within a clista]lce  Tf from t}lc fraglnent,  tllc total cllalgc,

AV, ill the partic]c’s velocity clue  to the el]counter  is

where c > 1 is the eccmltricity  of the grazirlg  orbit. in tile lilnit,

(8)

(9)

where l~m, is the particle’s prc-encoul]tlcr  velocity relative to t}le  fragment ‘(at infinity.>’ If
\L.C is the surface cscapc  ve]ocity frc)ln t])c fraglncxlt  a]id if we c]cfillc.

wc have e = 1 +- 2/x2 and call write (9) i]] the forln:

(lo)
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‘J’he function of z machcs a maxilnum  value at x = W, whcxl V,,, c lLsc/Wi, c = 2, and

max(AV,,) = ~e~~.
/i

(12)

l~or tllc largest fragment of l]/Shocn~akcr-  l,cwy 9, for whic]i Weaver et al, (] 993) derived
21/ = 4.3 km, ]~q. (~) yic!]ds ~~..,  = 0.7 nl/s when p ::”0.2 g/cIn 3 . ‘J’lIus, t}lc vc]ocity changes
duc to cncounkxs  among ]ow-dcrlsity  fraglncllt,s  IIcvcr cxc.ccd  a fraction of I m/s. ‘J’}lis is
especially so, hccausc  tllc tyl)ica] time scale 011 wllicll most of the integrated effect of
a. siljglc  cllcoulltcr  occurs is fair]y lol)g, 01] the order of 0.1 day or rnorc and t,hcre is no
time for any particle to undergo many SUCI1 el]countcrs before the clcbrjs disperses i]) s~)ace.
Wc show below  that co]]isional lifetimes and mean free paths of tllc particu]atcs  are so
short in tllc early phase  of the debris evolution tl~at no cncou)]tcr cvcvlt  can k co~nl)letcxl
uliilltcrrul)ted  by the collisions , during which a particle’s velocity changes stcpwisc  o]]
a t,ilne scale of a, fractiox] of OIIC second.  (jrazing  encounters  bc~wcc]j  two ]argc fragmcxlt,s
arc even ICSS likely bccausc of the lilnitcd numl.)cr of tllcsc ol)jccts. ‘J’hc resulting vcloc.ity
chal]gcs  Al&, arc a]so sma]]cr t}lan  for t]lc grazing cllcountcrs  between a large fragnlclit
and a small particle,  bc:causc  of strollgcr  constraints o]) tl]c lninimum  dista]jcc bctwcwn
tllc ccn)tcrs of lnass. ‘1’hcsc collclusjolls  arc collsistcmt  with the estirnatc  of dl.2 111/s for
the orbital-velocity increment that, wc cxtahlishcd i]] SCc., 3 froln the lcllgth of the nuclear
trail].  On the otllm hand,  the velocity dis])ersion  of up to X5 m/s (at Ar == 0), dcxivcd
from tl]c length of th.c west-sout}lwcstcrll trai], does IIot, appear to be an ac.curnu]atcd
cficc.~ of fragment- particle grazing cllcoulltcrs slid arlot]lcr Incc)]ar]isln  is ]Icccssary  for its
cxpla,natioll,

It is l~roposcc] that partic]c-  partic,]c co]lisio]is ~)rovide  the a.liswer, jf t}mir  rate is hig]k
cnlough and their character helpful ill bui]di]]g up the n~on~clltuln for at least a fraction of
the ])article population, ~’o address these issues, wc consider a particle of radius s that,
at a tilnc  i shortly after the splitting of the IIUCICUS,  moves with a velocity V(i). ]Iuring
a time interval At it collides with T(s-{ (s))2 V(i)Ai . No(t) target ])artic.lcs,  where No(i) is
tllc s]~atjal number dcrlsity of tllc ])artic,u]atc  debris at the time and (s) is a cllaractcrjstjc
si~,c of t]lc taxgcts.  g’}Ic ])artic]c’s lncan frw pat}] c,all  bC a])l)roximatcd by

i’(i) = --—-----]–2—–,
m(s+(s)) ATO(i)

(13)

where tllc number  dcx)sjty call Lc writtcll  as a ratio of t}lc  total number of particles, Ar(i),
and the volume of s~}acc  they occupy, L/(i). Assuming that, ever since discovery, the colnct’s
clust cloud has been optically thixl, the total cross-scctiolla.l  area A of t}lc dct)ris can be
approximated using the colnet’s total Lrjglltncss. Callillg  I],, Or,,, (i) the magnitude, at a
time i, that is normalized to 1 AU froln both }Jart,h  and t,lm Sun by the inverse square law
of geocentric and }Ielioccntric  distances, onc has for A(t) (ill km2)

(14)

where p is all assumccl  geometric albcdo of the particulate debris. As SCC]L below, the
rcsu] ts also dcpclld on th c assumed phase- cficc.t c.orrectio]l.
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A total of 30 col)sistcnlt  illtc.gratd-L1  ightlless estilnatcs,  oLtaillccl  by 8 oLsmvcrs between
hlarcll 26 and  Ju ly  17, 1993,  l]avc Lcen SCICC.LCCI (Grcwl 1993, Hortlc 1993, h4cycr et al.
1993, Scotti  1993) and converted into a staIlclard  \’is~lal-rIlagIlitudc  system. ‘1’wo additional
July data points, grossly inconsistent with each otllcr,  have Lccn igllorcd.  If the gradual
decrease in A (Fig. 4) is due to a dwindling surface Lrightncss  of a slowly expanding dust
cloud forlncd i)l the ~’akc of disru})tioll  and newer rcplcnishcd,
observed cross-sectional area, dA/dt, will vary approximately
section d, ad the cxpcctcd  tcm]]oral clc~}cIIclcI]c.c  will follow a

d(t) = &CXl) [--w--Q] ,

the rate of dccxwasc  in the
as tllc instantaI1cous cross
siInplc  law:

(15)

when-c A. is the true cross- scctiol]al  area of the dcLris ai~d @ is a constant. ‘J’hc rate of
change in t}lc  normalized rnagnituclc  11,,.,,,,  with time is thcIl equal to dllnOnl,/di  = 1.08Gl~.
I II practice, ul]ccrtaintics  iI1 dctcrllliIlillg & stcln Lotli from t}lc  l,cccssity to cxtra})olatc
over more thaI] 8 moI]t}ls Lack i]] time  and from low accuracy of t}]c Lrig]ltllcss  estiInatcs.
]1’ox aIl assu~nccl  gcoInctric a]l)cdo of 0.04 and a ~)}lasc  effect of 0.03s nlag/dcg,  least, squares
solutions to the data ])oints iI1 l“ig. 4 yield 11,,.,,,, (io) = 2.584 0.22, & = 3.3~~:~ million kIn2,
and ~~ v 0.0083 ~0.0007/day,  whi]c 11,,.,,,, (to) = 1.5130.24, do = 8.81~:~ millio]] km2, al]d
@ =- 0.0122~  0.0008/day WIICIl  110 })}]asc corrcc.tion is al)l)]icc]. ‘J1}IC  first O~)tiOIk scans a lnorc

likely case, because it predicts t})c comet to have Lecll  of all ap])arcl]t visual magnitude  of
~1 0.5 ilnmcdiatcly  followi]]g  t}lc Lrcakul),  wllmcas tllc otl]cr sccllario would make it thCIl
just aLout  nla.glitudc  ~ aI1cl tllus IC S S  a])t to csca]m detection at a ti]nc whcII Ju~)itcr’s
clollgation frc)In the Sun still cxcccclcd  SOO.

‘1’lIc total number of partic]cs  ill tllc CIC)UC1 of debris can IIOW Lc writtml  in tcrlns  of tllc
C.ross-scctiol]a] a.rca do ar]d  tllc lllcall quadrat ic  dust-~ )artic]c radius (S2)112:
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The volume of space that was occu])iccl  by t}~c debris at a tilnc i shortly following the
Lrcaku}) is a]~proximatccl by assulnillg all illitially ulliforln isotro~)ic. cxpansioll of the orig-
inal volume of the nucleus. If the coInct’s  ccluivalcnt  prc-tn-eaku])  Iluclcar radius was 1{0
and tkc ra.tc of q~ansioIl  1~, the volume /4 at i is siInply  given by:

where iO iIldicatcs,  as hfore, the tiJnc  of s])litting, A partic]c  mean free path now bccomcs:

477(.s2)
t(i) = –—---------2 [R. -t l~~(t- io)]3.

3A, (s+ (s))
(18)

}{h’idm]cc poiJ]ts to a very low iIlitial  expansion velocity \~O,  ]mobably  on the orclcr of a fcw
tmntlls of 1 In/s, in which case l~(t--to) << }{0 for all hour or so after  the brcaku]), clcpending
011 tllc size o;f tl)c original ])uclcus. F’or a ])article WIIOSC  s m (s) H (s2)112, tllc i~litial  nlcaTl
frcw path is a fuTlctiol)  of ){0 aTld & o]~]y. g’his condition app]ics, for cxaTnp]c, ill t}le case of

2“5ds for particles whose dimcxlsions  are cqua] to a gcolnctric  meana size distribution of s- .
of tbc distribution]’s ]argest and t}]e s]na]]cst  size. l;vcn  wit]] 1/0 as large as 5 km (Sec. 1),
the mean free path amounts to lCSS than  10 mn and each particle  collides, OJI t]lc average,
ten times or so cwcry scco~ld. l+’or boulders and especially the ]argc fragments the mean
free path is many orders of ]nagnitude  slnal]cr, which i~]dicatcs  t}]at t]lcy must have km]
subjected to an intense  (but low-velocity) bolnbardmcnt  by smaller debris. l,atcr, WIICII
l’o(i - io) >> .RO, the nlcatl free path woulcl  illcreasc as (f - to)3, but by tl,cn the various
assulnptiolls  lnadc-  -ill par t icular  that of a unifor)n isotrc)pic  cxpallsioll-  lnay no Iongcr
}Icjld cvcll  approximately. q’})c JncaJl free ~)atl,  cal, also bc used to estimate  t}lc  il)tcrval of
ti]nc during which particle- particle collisions were ilnportant. ‘1’heir total nulntwr,  v(i),
Cx])cricllcc!d  ‘by a sing]c graiT”]  bctwcwll to and i is

RQV
{ [

1~~ -2
v(t) > —–— 1 -- 1 + ––

2.%170 1(0
(t- to)] } 7 (19)

w]lCrC /?O ~ /(io). l’rom this cxpressioll it follows that- to the extent of its applicability-
50% of all collisions occ.urrcd during i- to s 0.4&/l~o,  75% during i!-i30 < 1{0/UO,  and
90% during t--t. ~ 2.2 Ho/Uo, that is, on t}lc  order of 0,1 clay or so. ‘1’he total IIunlbcr  of
collisiolls  that each particle unclcrwcnt  is csti)natcd  from (19) to be on the order of 105.
It is thus certain that partic.]c- ~)articlc collisions must have pla.ycd  a major role ill tllc
redistribution of the initial rotational velocities of the particulate debris.  WC IIOW turn to
the questions of what was the probable  character of the collisions arid what was their  cflcct
011 tllc velocity field of the debris.

5 .  ~CJl,l,lSIONA1, 1I1ST1LIII1J1’1ON  OF PARTl~I,lt  VITOCTiVFX

}lartmann  (1978) carried out laboratory ex]mimcnts, in which he studied mechanics of
low-velocity collisions, 116 clrop])cd centimeter-sized projectiles of three difiercnlt  materials
into flat rock targets aI1d examined tlw critical inl])act velocities at wbicll the projec-
tiles began to fragIncnt. lJ’lIc most intro estiI1g  results for cometary ap])licatio]ls arc those
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ma.dc with dirt clods, dry silicate ~Jarticlcs rcscnnbling  low-density aggregate grains, of
which comet nuc]ci arc believed  to be largely made. ‘J’heir catastrophic disrul)tic)~l,  which
IIartmann  defined by a ratio of ~f < ~J betwcerl  the xnass of the largest frag]ncnt  and the
original mass , was observed by him to take place mostly at impact  vc]ocities  of ~2 In/s,
even though  tke scatter on the plot is co]lsidera})le,  s}]owing  data points with jl = 0.7G at
an impact velocity of 3.3 m/s and II == O.M at 4.7 in/s. WC notice that these  velocities
are of the same order of magnitude as t]le orbits]-vc]oc.ity illcrenlellt Ileeded to cxldail)  tile
extent of the dust trails of P/Shocn~akcr-  l,cvy 9, IIartnmln  also examincc] the degrcw of
elasticity of the collisions, sllowil]g  that cvc]] for higll-dellsity particles macle of natural ig-
neous rocks, t}lc rebound velocities were gelicra]ly  ol]ly 25% to GO% of the irn])act velocities
a.ncl much lower in the prescnc.e of any rcgolith.

‘1’o exalninc  the col]isional  evolutio~l  of the ])articlc-velocity distribution, we begi]l  bY
considering an oblicluc  collisio~l between two s])}lcrical  particles of masses ml and m2. WC
i)ltroduc.c  an i]lertial coorcli]latc  systxxn, in wllicll velocity vectors arc referrecl to the center
of mass of the parcmt conmt, Sillcc the im])act vector (def]nccl  by the line of ccntms  of
tbc two particles and the contact point)  is ralldo~nly  oriented  with respect to the prc-
collisioll  directions of motioll of t]lc ~)articlcx, t]lc axes of the coordinate systcln  arc ~nost
conveniently chosen with the r-axis along t,hc impact vector and the y- allcl z-a.xcs in
the tallgcllti~il  plallc of t,llc colliclil]g  ~)artic.lcs. ‘J’hc dcgrcc of elasticity is cxprcssccl by the
cocfflcient,  of restitution k, wllic]l clecreascs  from unity for perfect]y  elastic collisions to zero
for completely inelastic ones. l,ct  the approach (pre-collision) velocity vectors of the two
])art,iclcs  in this coordi]la.tc  systcm be, rcspcctivcly, (V] )1,~ = { (~1 ),,~, (j] )[,~, (i, )l),T} al)cl
(v2)prc  = {(~2),)R, (j2),)m, ~2 JR( ) } and similarly for the rebound (post-collisio,,)  velocity
vectors, (VI )l,mt and (V2)1,Mt. ]~urt]lcr,  let (l; )1,~ = [(VI )I,ml and (~’1 )1,0s( ~ I(V1 )POSt  1)

al]cl  similarly for particle 2. ‘1’he rcbou:)d-velocity coIn~)ol]cllts arc related to tllc ap~moacll  -
vcloc.ity OI]CS  by (Osgood 1 949):

WhC!N! ~121 = ?712/77iI.

C;ollisioxlal  raI]doIn-walk  effects on t}lc vdocity field were modeled Ly ap~)lying a Mol]tc
Carlo  approach. I’l]c test partic]c  (partic]c  1 ) was ‘(launched” wit}] a prwscribcd velocity
KtiL =– (VI )Pp, in a rallclom clirection, dcfillcd by an azimuth angle (CY1 )l,X, Whicl)  varic~l
frol]l O to 27r in tllc tangential  plane and by all angle (/?l )I,r~,  betwcw)  O and n-, which the
velocity vcctmr makes with the )Iornlal to the ])lallc,

}“or ])articlc ‘2 onc ranclom  number specified its relative mass p21 a~ld thrwc xnorc random
lmmhcrs  its lpre-col]ision  orbital velocity vector, (V&m,  (crz)PR, and (@?)I, R. From (20) wc
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then calculated (il )r,Nt and cldxmnincd  (lt )I,W.t ~ [(~] )~,w( + (YI )~,~t  i
]lCxt stc]), this velocity was set cqua] {o the al)l)roa,ch vc]ocity  of tile
collision with particle 3, all four paralnetcrs  of wllicll were defincxl  by randoln  nulnbcrs.
Howcwer,  in order  to comply with tllc chac)tic  nature of oblique collisions arid thus  to jus-
tify tllc rcpca,tcd  app]icatio)i of the coordina,tc  systcm  tied to the inl])act vcct,or and the
tangcrltia]  plane passing through the colltact  ]~oint,  the two a~jglcs that,  charactclizc  the
direction of motion of the test particle U})OII  its co]lisiol) with partic]c  3 also had to bc
dcfilmd by random numbers. In t}]is fadliol], wc subjected t}lc  test particle to -105 colli-
sions, consistent  wit]] tllc rcsu]ts of SCC. 4, calltio]l  was  cxcrc.iscd iIl a])plyil]g a random
nu)nbcr  gcncI a.tor to any quantity whose rate of oc.currcl]c.c  is value dcpcndcl)t.  ‘1’hc reader
is rcfcrrcd  to Sckanilla (]99]  ) for a]] al)proac]] dcvc]opccl  for the ang]cs  pi (wllic,]]  h a v e
the IIighcst  occurrcnc.c  rate at ~n and the ]owcst at O al)d n) and for tl]c particle velocity
distribution (which was assumccl to yiclcl  an occurrcllcc rate dropping cxponclltially  with
il]crcasillg vc]ocity),  Approximati]lg  t,}]c l)artic]c-rnass distribution function by a pOWCr
law, h(m)  clm M m‘~ dm for n]O < 172 ~ nz~, and h(m) = O for m < m. and m > nlw, tllc
gc]]cral a~)])roac,l] yields for ~)article  lnasscx ??li (i == 2,3, . . .):

{ [(3J-’-I]}1=. ?G{l+w[(;::)x-]-  I]}* if a“+~> ,2 2,71ti = Itlo 1 ‘j %!

()mm % ()nlw -  8;’
= Ino -—— = lilK, —–– if~= 1,

nlo nl~

w]lcrc R is a. random numhcr  from al~ illtcrval ((), I ). ‘1’hc two altcrlia,tivc cxprcssiolls givcl]
ill Cith Cr Cas(> rCfl C!Ct the O}jViOUS faCt t]]at ally rail C] Oil-J llUI1lbC1’ w flollq  the Unit illtcrva]
ca~l witl]out  (dctrilncllt  bc rcp]accd wit]) 3? = 1- 32,

1~’rcnn tlm fforlnulatior]  of tlIe ~)roblcril  it is obvious t})at the rcsult,s  arc moclcl  dc~)cIldellt.
}Iowcwcr, a characteristic feature c)f all our solutions was a rapid ‘(thcrmalization’)  of the
test ]jarticlc,  W1]OSC collisiol)ally  ac,c]uircd mean velocity stabilized oftcll after fewer tlla]l
5000 collisions al)d always after  WI 0000 C,ollisioxls. ~onscqucnt]y,  the partic]c’s ranclom
walk also describes an cqujljbrjurn  col]jsjo~la)-}~clo~jt,.y  cjjstr-jl~uf,jon  W (l~q) of tllc debris, 111

general  tcrlns, the dcpcnclcmce  of the distribution’s pr-opcrtics  on the basic.  parameters for
the assumed collisional  scenarios can bc summarized as follows:

(i) Initial particle velocity. Si])c.c the ra~]don~  walk of colliding ],articlcs  was assumed to
occur wit]] velocities proportional to the itlitial  velocity l~,,i~,  the results scale with it. WC
thcrcforc  present c.ollisiollal  distributions of dimcllsiollless  velocities cxpressccl ill u]lits of
thC initial  velocity, K = l~q/l\~it. ]n many cases, the mean equilibrium velocity V,C, turllcxl
out to bc apprcciab]y  higher than Vlr,i~, with a significant fraction of equilibrium vc]ocitics
cxcccding l~,tit by a considerable margi)l. ‘1’}lc values of K call t}lus cffcctivcly  t)c pcrccivcd
as collisions] enhancement factors.

(ii) Particle mass distribution. ~’his aflccts the collisional-vc]  ocity distribution) in two
ways. 1]] terms of the power-]aw distrilmtio]l  assumed in (22), by far the most irnporta]lt
factor is tllc mass index X. ‘1’hc observed collsidcraMc  extent of the dust trails can thcmforc
be interpreted as duc to co]lisionally  cnhal)ccc] rotational velocities of the debris oxlly if tllc
partic]cs  involved have a relatively flat mass distribution }L(7-n)  dm, WIIOSC x H 1. hfluc}]
stccpcr  distributions, whose x >> 1, were found to have virtually no effect 011 the velocities
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of tllc debris, with tile cxcc])tion  of partic]cs  With massm llcar mO, t}]c lower ]ilnit  of the
mass spcxtrur.n. FMcxts of tile other  l~lass-distrjlJlltioll  parameter, the ratio nlm/mo,  are
far less significant.

(iii) Test particle’s mass. As ex~mctcxt,  effects of collisions 011 the velocity distribution
were strongly  particle-rna,ss dependent, the least Inassivc particles havi]ig always lmal
affected the most. An interesting  rcsu]t was obtained  for t]le most massive fragments,
whose equilibrium collisional  velocities often tended  to be lower t}lan their  initial velocities.
‘1’he cnhanccnmnt  factors K thus reflect il) these cases a mitigation effect of the collisiolls,
which lnay cx:plaill  wl]y the nuc]car train is so nluc,h shorter than t}lc  trails.

(iv) Coefficient of restitution, ‘J’he elasticity of ])articlc. particle collisiol]s  also affects tile
velocity distribution, the cqui]ibrium  vc]ocity  j]lcreasjrlg  wit]] illcreasi]lg  elasticity, l’;ffec.ts
of tllc cocfflcie~lt of rcstitutiml  k 011 our Monte (;a.rlo solutions appear to be particularly
strollg  ill the regim~ of llig}l]y  elastic, Co]]isiolls,  Wllicll, llowevcr,  were slIowII by lIartnlallll’s
(1 978) laboratory cxperi~ne;lt,s  to be unrca]istic,

‘l’able  3 lists distribution paralmters for scwm-al  of the hundrec]s  of Monte ~arlo runs
carried out. All entric.s in the table refer to tllc ratio of mN,/Tno  = 1022, but very similar
results for tile tabulated test particle ~ilasses were obtair]ed with mW/mo = 1030. Sillcc t}le
cx]mctcd mass of the brightest fraglncmt is mm & 10]6 g at an assumed dcmsity of 0.’2 g/CIn3,
tllc ratio nzM/rno == 1022 implies  a lowcr ])article-]nass distrihutioll  cutoff at m. N 10-”6 g.
If of the above density, such grains would be w] 00 pm ill radius ancl subjected to radiatioxl-
pressurc  accelerations of N3cfi of the solar attraction. ‘J’he value of rILW/mO adoptecl  in tllc

~’ABIJi  3. hfonte  Car]o solutions for the paranlcters of t]kC co]]isiolla] distributiorl  of
the vcloc.ity-c~l})  allccr[~c])t factor K (tllc  adol)ted  IIwss-ral)gc  ratio mm/n~o = 1022).

—- — — —  _— ———— ————.———— .

~ ‘(A Cocfli- 1 ~istribution  parameters of velocity-ell}larlcerrlcrlt factor x
particle’s cicnt -———. . ..——.. .— .—. —— . .. ——.. .—. —- .. —. —.. ——

M a-% relative of rcsti- Standard Pcrc.cntilcs
i n c h , mass, tution, h!can dcvia- .—. ———-— ———. . - -—.

x 171 ~ /’mm k value tion h40de 50% 90% 95% 99%
- . _  — — .  — _ _ _ _ _ _ _ _ .——  ——— — ——

1.0 <10--15 0.0
0.4

10-5 0.0
0.4

0.01 0.0
0.4

1
;::

1.6
2.5
1.5
2.3
1.3
1.9
0.7
0.8

1.2 <10-15 0.0 1.4
0.4 1.9

1(,-.5 0.0 1.4
0.4 1.9

1 0.8
;:: 1.0

1.4 <10-”15 0.0 1.1
0.4 .

10-5 {:1} :.:
1 {Q} 1.0

31.1
3:1.6
41.0
+1.5
4.0.9
41.4
A 0.4
30.5

+0.9
+1.4
S1.o
4.1.2
40.1
50.1

+0.7
30.9
30.0
+0.0

0.9
1.5
0.9
1.2
0.8
1.0
0.5
0.6

0.8
1.3
0.8
1.0
0.8
0.9

0.7
0.7
0.9
0.9

1.4 3.1
2.1 4.6
1.3 2.9
1.9 4.2
1.1 2.5
1.6 3.6
0.6 1.2
0.7 1.5

1.1
1.6
1.2
1.5
0.8
0.9

0.9
1.1
0.9
0.9

2.6
3.6
2.8
3.6
1.1
1.2

2.0
2.4
1.1
1.0

3.8 5.5
5.6 8.0
3.6 5.2
5.2 7.6
3.1 4.6
4.5 6.8
1.5 2.1
1.9 2.7

3.2
4.5
3.4
4.3
1.1
1.3

2.5
3.4
1.1
1.1

4.7
7.1
4.3
5.7
1.2
1.4

3.6
4.7
1.1
1.1
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table approximates a combined ]Jarticlc-lnass range in tllc traill,  the trails, and t}le  bright
])ortiolj  of t})c tail region (See,. 8). C)I] tile ot}lcr }lalld,  the lnass ratio of mm)/n~O == 1030
implies a lower cutoff at ?Tio & 10–]4 g, rcfcrril]g to s~ltJ1llicroxl-sizccl  ])articlcs.

‘1’hc first t’hrec columns of ‘J’able 3 list selected values of the remaining parameters-~ the
mass illdcx, the test partic]c’s mass, a,tld tile rcst,itution cocfllcicnt, each of which affects
the en h allccnxmt factors K in a profound manner. Not included arc the results from runs
for the mass indices ~ < I (very flat particle-lnass  c]istributions)  and for ~ >1.4, which
c.onfirlncd  the general trcncl that is ap~)arcllt from t}lc table.  Wc ~lotcd, however, t}lat tllc
]mrametric  v,a]ucs for the q~li]ibrillm  velocity distribution) were rat}lcr illscnsitivc to t]lc
lnass illclcx outside the tabulated range, ill that virtually no collisio]ial  effects were a])parcnt
for ~ >1.4 and that  the results for ~ < I alrlmst  c.oincidcd with tllosc for ~ = 1. AlS O

omitted from I’able 3 is information] froln runs carried out for additional test-particle :nasses
7 - 1 21. ‘1’hc lca,st  massive partic]cs  tabulated llavc ml N 10 g atld all cciuivalmlt  dia)nctcr
of about 5 cm. Such pcbb]cs could not Lc subjected to radiation-pressure accelerations
grcatm than *0.01 YO of t}le solar attraction al)d ill Marc]}- July 1993 they S]] OUICI have
bcml situated wit}lill  0.5 arcscc of t}le  calculated 10CUS for objects with purely gravitatiolla]
orbits. IIltercsting]y, solut, iol]s for ])articlcs  much ICSS  Inassive than 10 g yielded cssaltially
t]lc same results, which suggests tl]at  tllc equilibrium velocity distributions in the dust
trails and the bright  portio)]  of tllc tail rcgioll  arc alike. As far as the elasticity effects arc
conccrl]cd, the tabulated results wmc restricted to two values of the rcstitutioll  cocfhcicllt,
k = O and k == 0.4, which l)rcsumably  Lrac,kct tl]c ]nost prohab]c  scc]larios.  Solutiol]s  for
ullrcalistic,  Illorc elastic collisions impliccl muc}] hig]lcr velocities.

‘J’]Ic last  SCVCII columns of ?’ab]c 3 provide illforInatiol)  011 the cquilibriu]n  distrihutiolls
of the cnllanccmcnt  factors K. ‘J’o clcscribc tllc strongly non-Gaussian distributiol]s  as
c.oln])]~~tc]y  as ])ossiblc, listed alnollg the ~)aranlct,crs arc, besides the ll-lcall  va]uc and tllc
standard deviation, the Inodc  alld four ])crccntilm, inc]uding a mcdiaxl,  Their inspection
reveals a nulnbcr  of characteristic fcat,urcs and systclnatic  trends. I’crhaps  the lnost sig-
llifica.nt  trait is a long tail tc)ward  very ]argc values  of K for all particle ]nasscs cxccpt IIcar
t}]c upper limit of the mass spectrum. ‘J’hc strong nonlinearity of this effect with particle
lnass is a~)parcnt  from compa.risolls  i~l ‘J’able 3 of the characteristic values of K, SUCJ1 as t]lc
mcaI] or tbc median.  l’or exam~)le,  fcjr x == 1 ant] k = O, tbc mean value of K decreases
by o]lly 0,1 over 10 orders of magnitude in mass, from 10-’5mw to 10-5rnM, by 0.2 over
t]lc llcxt three orders of magllitudc,  but by fully 0.6 over tile ynass rallgc from 0.01 mm to
711 K, . II] reality, the discrimination]] bctwccll  the very massive fragments and ot}mr particles
is WC]] lnore dramatic tha.11 appears from these com])arisol]s. ‘1’hc slnall  IIumbcr of very
lna,ssivc  fragments implies that tllcrc are no objects in the distribution’s upper pcrccntiks
a]ld suggests, cor]scqucnt]y,  that C.ollisio]ls  typically rcsu]t i~] a dccrcasc  ill the equilibrium
velocity of tllcsc objcc.ts  (K < I).

‘1’lIc broad range  of collisions] veloc.ity-eIl}]  aI1ceII-]e~lt  effects is illustrated in F’ig. 5, w}]ich
dis])lays  four steady-state distributions of K. For our modeling needs (Sec. 6) tllc correlatio:l
witl] tl]c test ])articlc’s ]nass is of ])rimary iI]tcrcst. WlleIl  ~ & 1, a velocity enha]]ccmcr)t
by a factor of N4 or ]norc is attail]cd  by fully 5-] 5% of partic]cs  with Inasses  of ~1 O g and
by a factor of *5-O  or more by 1 --5% c)f thcm. ‘] ’husl  K near G is apparently reprcscntativc
of the dust near t}lc trail endpoints. on tllc other hand, the characteristic K value for t}lc
fragments near the upper  limit of the mass spectrum is close to the distribution’s lncdian
because of their very limited nulnbcr. ‘J’his  value could bc as low as O.G for x H 1.
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6. MODELTNC;  ‘THE. DEBRIS lWOI,U’J’ION  l’OR
A TIDALLY l) ISl{UP’1’}111  }iO’I’A’J’INCJ COME’I’

we are. novr ready  to fOrIIIU]at,C  a ]nodel  for t]lc cvolutjoIl  of }’/S}locInaker-  ],cvy 9’s de-
bris. llaving  reproduced Scotti  and Mc]osh’s (1 993) rcsu]ts,  we verified that sorm dispersion
of t]lc debris in hot}) the nuclear train aTld the dust trails could  be effcctcd  Ly Jupiter’s
raclial diffcrent,ial  pcrturhations.  Applying a rigorous approach, wc sllowcd ill Sec. 3 that
the debris could also be dis]m-scd  in space as a result of slight differm]ccs among parti-
CIC vc]ocitics i~l the dircctioll of t})c comet’s orbital lnotioll. lkwclopillg  a hlontc ~arlo
co]]isiona]  model, we established in Sees. 4 and 5 that SUCII a vc]ocity dispersion call he
])rocluced  by partic]c-partic]c  Co]]isioIls ill t]l~ c]oud of deLris sllbscqucllt  to the tidal dis-
ruption of the progcmitor  IIUC]CUS. III ~mr-tjcu]ar,  wc asccrt,ajI]cd that t}lere was a t endency
for tllc collisions to incrcasc t}lc  vc]ocitics  of part, ic]cs that populate the dust trails, but to
lnitigatc  the lnotiol]s of tile very Inassive fraglncnts  that ]inc up along t}le  nuclear train.
011 tl)c other hand, effects of gravitational illtcraction  i~l t}]c C1OUCI of clehris were foulld  to
bc relatively unimportant,

l,ct us assume  that at t}le  tilne of tidal disrul)tioIl  a piece of debris on tl]c spinnil]g
]] UCICUS  had t.hc coml)oncnt  of its rotatior)a] vc]oc,ity  in t})c direction of tllc cornet’s orbital
]notiol)  equal to l&. ],ct us also assulllc  that the initial distrit.)ution  of rotational velocities

50 EQUILIB-RIUM  COLLISIONAL
DISTRIBUTIONS OF 1

50 x = 1.0
m,= lo-15 m..  -I 11’IC;. 5. I+harnp]es  of the velocity-enhancenmnt

50

0 2 4 0 2 4
—

ENHANCEMENT FACTOR

distrit,ution  &lculatcd as a ~ul,ction  of t h e
c.ollisional parameters: the maw  index X; the
~)article nm.ss rn,, in units of the upper  litnit  of
the mass spectrunl,  nIw; and the coefficient of
restitution, k. J’lotted on the abscissa is the
dimensionless velocity-enhancement factor, K,
defined as the ratio of a particle’s equilibrium
collisional velocity to its initial velocity. All
four distributions, assume  the maw range ratio
of nim/nio  == 102Z, where rno is the lower limit
of the mass spectrum. Identified arc the 50, 90,
95, and 99 percentiles of each distrit}ution



in tllc cloud cjf debris was t}lc sole source for tl]c velocity dispersion. Wc thcrcforc  idcIliify
t}Ic particle ro t a t i ona l  ve loc i ty  COIIII)OIICIIt  \{O~ wit]l t}Ic vc]ocity  ~~ni~  (Sec. 5) and the
observed impulse AV&~ (Sec. 3) with the co]lisicjnal]y acquircc]  cquiliLriuln velocity Veq
(Sec. 5), ]f t],e particle’s c*,l,a*,cc*ncl,t  factor is /;, WC l,avc:

A \<,L, = K \{Ot . (23)

Since the cc)llisjonal raljstr-j~r_rt,jon  of t]tc ~)artic]c-velocity field is a stoc]lastic  ])roc.css,
t}ie  particles with the IIig}lmt,  initial vclocitim l{o~ arc t}lc  most likely  ones to c~ld up with
the highest velocities Al{,b.  As  our aim is to cxl)lairl the lengths of the nuc]car  train a n d
tl]c. dust trails, our primary ilIterest is to fl~ld al~])ropriat,c  upper  limits to Al~,l,.  l’or the
lCSS lnassivc clcbris (bouldc,rs,  pcbhlcs,  grains), the peak velocities arc statistically most
likely to have bcm] acquired by particles o]] tile surface of tllc origillal  J] UCICUS. Since
a. diffmcnt  argument applies to ki]ornctcr.sized  chullks, tllc conditioxls  for A\~Or~  are ill the
following  treated separately for tile trail debris and tllc fragnlc~lt,s  ill the train.

IA a comet’s s})i]l-vector oricllta,tiol\  rc]ativc to the oscillating  joviccl]tric orbit  at the
time of tidal breakup, to, Lc  givc~l  by t}]c obliquity 1 allcl  tllc argurncllt  @ of tllc subjovian
meridian at perijove. Let P bc an arbitrary point o]) tllc nuclear surface, whose unit
])ositio]l  vector  rc]atjvc  to t]IC cc]]tcr of )nass at t]lc tilllc i,. is lJ{O, qt}, w]lcre O is thC
point’s angular distance from the subjovian  ]rlcridian  at that time and # is its angular
distance froln the comet’s cqua,torja]  ~)]allc,  and let 1{(0, ~,) be its distance froln the center
of n)ass or t}lc  local nuclear radius (Fig. (i). ‘1’hc cornponellt,s  of U ill tllc direction away
from Jupiter, Urt, ill the direction  pq)clldicu]ar  to Uli a,lld al)ead of the comet ill its orbital
pla.rle,  ~~q,  and ill the direction of t]lc IIort,llcrll  orbital  pOIC from W}iic]l  t})c colnct is SCCI1
to orbit JuI)itm  counterclockwise, UN, call be cx])ressed  by (Sckanina 1981):

tL(-- cos(!l+uo) COSI sin(@-+ UO) sin 1 sin(!l+  UO)

)(

C.os {) Cos(o + 00)
sin(q’+ uo) cos J cos(d’+ uo) sill 1 cos(~)+-rfo) )cos  4 sin(O+ 00) , ( 2 4 )
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F’JG. 6. orientation 011 a cor[mt’s  rot atillg  nucleus.
C is its center, 1’ the northern pole of the conlet’s
jcwic.entric  orbit, R the ILorthcrn pole of rotatiou,
h’ the cotnet’s vernal equinox, and 1[ the subjovian
poiilt  at perijove. An.glc 1 is the obliquity of the
orbital plane to the equatorial plane  and angle @ is
the argument of the subjovian nmridian  at pcrijove.
At some time t, the sut~jovia~l  point is at 3, so that
u is then the true a~lomaly, do the longitude of the
subjovian  point from the vernal  equinox, arid do its
latitude. ‘1’hc  location of a particle on the surface,
at latitude ~~, is shown by point Z. when it transits
across the subjovian  meridian and by Z a little later,
when its meridian angle is O and its longitude from
the vernal equinox, 0+00.  U is a urlit vector passing
t}lrcnrgh point Z arid directed radially away from the
nucleus center.



whmc uo is t}]c comet’s true anomaly il] the joviccn)tric  orbit  at the tilnc to and do is t}lc
c.omctoccnttric  loylgitude  of the subjovian  lncridian  from the orbital plal)c’s a,sc,cnding  node
on tllc equatorial plane, whit.1] is equal to:

tall 00 = COSI tali(il’-i uo). (25)

‘1’IIc quadrant of 0 0 is that of @+ I/. WIICII 1<90°  and that of 3GO”– (q)+-uo) wl]cn 1>90°.

‘1’he diffcrcncc in the radial distance, Ar(O, ~), bctwccn tllc point  }’ and the c.ornct’s
ccl]tcr of mass at the tilnc to (Sec. 3) is obviously:

(26)

whit]) yields  t]lc c~uantity  (A7’)d~l~t for dctcrn~ix)il]g  Jupiter’s radial differential ])crturbatiol)s
of the debris.

l;VCII  tlIoug}I  gravit,atioxlal  per turbat ions alnollg the il]divjc]ua] picccs of t,})c debr is  were
S] IOWIl iIl SCX:. 4 to ~c rc]ative]y ullill-ll)Cjrtallt,  t]]cy Were ]ikc]y to affect tl]c equilibrium
~)articlc-velocity distribution] to SOII-IC cwtcl]t. !I)lIC ]wak rotatiol] velocity was ccrt,aillly
lower tllall ttlc surface cscal)c velocity frorll tllc progcl)itor I] UCICUS. lJpon breakup, llot
OI]]y were velocities of some ~Jartic]cs  ir)crcascd  WC]] t)cyolld  the cscapc vc]ocity  froln the
parcu]t  ccnnet,  but  as t]lc fragmel]tatioll  l)ro,grcsscd  and t]lc c]oud of rnatcrial  cxl)a~ldcd,  it
tmcalnc lIlucl) easier to csc,apc froxn tllc gravitational fic]d of any fragment. IIowcvcr, tllc
observed inqm]sc A\~O,L) for t,hc Illlc]cal trail) is also lower t}]a]l  t]le ])robablc csc.a])c velocity
fro]n the pa.rm]t COIIICt and it i s  conceivable t]lat  :]eglcct  Of a  gravitat,ioxla]  illteractiol)
an~ol]g  part icles coulcl ]cad to all ov~r~stjlrlat,~  of t,]]c cqui]ibr-iurn  collisio:]al  v e l o c i t i e s ,
csl)cc.ial]y for the most massive frag:nc]lt,  s. collsidcri]lg  t})e abscllcc of illfornlatioll on t}lc
dcta,ils  of tllc tidal- disruptio]l  process, wc dolll~t  L}lat t}lc  IIlagnitlldc of t}lis cflcc.t, could bc
derived rigorously. WC point out,, however, that the resulting velocity correction due to
gravitational illtcractio~l,  ~1~, call forlna]]y  bc acc.ountcd  for by rewriting (23) for t,}]c trai]
c]cbris,  (A~<l~)dURt,  and for t]]c kilolnctcr-sized fragments, (Al&))nuCl,  as fo]lows:

~T]lcrc Wc adopt,  fo]lowi]lg  our rcsu]ts ix] Sec. 5 and tllc above arguments, ~~u~t  ~ ~dust ~ ~
for })articlcs at the outer cllds of the dust trails and K&C1 w 0,5< K,,UC1 for the large frag-
lncv]ts ill the IIuclcar train.

If l~OL is the rotation period at tllc tilnc of tidal disru~)tio]~,  t}]c rclcwant  corrl])ol]crlts
Uli, L&l, alld (JN of t}lc cornet’s s~)il) vector w in t}]c joviccntric  coordinate systcln  arc at to:

() (q 27( ‘“ sin 1 sill(@+uO)
WT := —— —

l;.,
)

sin 1 c.os(@-l uo) . (28)
UN Cos 1

Since tllc rotation-velocity vector is equal to V,O( c 1{ (w x U), the radial and transverse
velocity components  of the debris at a lJoint  }’ arc ill the IKI’N joviccntric- orie))tccl coordi-
llatfc system at the time to:
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‘J’he rclcwant  contribution from VrOt in the dircc.tion  of the coInct’s  orLital-velocity  vector,
(%)dust,  is given by the dot product n “ VrOt, whmc n is a unit orbits]-velocity vcc.tor in the
11’J’N coordinate systmli  at tllc tinlc  of breakup. ‘J’lIc expression is greatly simplified, if tllc
colnet’s orbital arc of interest, in the immediate proximity of the pcrijove, is approximated
by a ~)arabola. ‘J’l]cl]  n = {sin *UO) cos ~uc,,  0} aTld

Sillcc tllc ])rcfcrrcd mode of tidal disru]lt,ioxl  is along planes pcrpcndic.ular  to the radial
dircct,ioll  from the perturbing pla~lct (e.g., Aggarwa] and oberbcck  1974, IIobrovo]skis
1990), the probab]c  shape of tlic ]argc fraglncrlts t}lat ])opulatc  tllc nuclear train  will tclld
to be slice-like, t,hc bou]]dary  planes of eac}l fragnlcllt  Lcil]g approximately ]wr})cndicu]ar
to tllc radial (direction. ‘J’}Ic  positioll of a fraglncnt)s  c.ent,cr  of mass is ctcscribcd  as a ~ncall
value of t}lc ~)ositions  of a]] poi]lt,s ]’{1/, 0, g!!} on t]IC surface of the disintegrat,ir]g origil)al

IIUCICUS that bavc tllc saIne radial dista)lcc fronl Jupiter and W]IOSC angular coordinates
satisfy a c,oIlditioIl  of sin @ = c1 ~ c2 cos {~ sIII(d-1 c3), where CI, C2, and G dcqmnd 011 tile
rotation constants 1 and 0. ‘l’he ir)itia] ]tg’h’ coordi  Ilatcs of the fragrncnt’s  ccntcr  of mass
rdativc  to the center of mass of the progenitor Iluclcws  are {}{(0, d) UR(O1 ~~), O, O}, so that
l,l)c quantity (AT),,UCI, whicl]  clct,crlnillcs t,]lc jovia,n  radial differential perturbations or) the
lnassivc fraglncnts  in the trai~l,  is given by the same expression (2G) as that for t}lc  other
c]cbris,  (Ar)dU,t. ‘J’hc radial c.onl~)oncllt  of the rotation velocity of the fragncnt’s  c.enter of
mass is always zero and the velocity’s contribution in the directio)l of the orbital-velocity
vcctor~ ( Kot )llUCI ~ derives cntirc]y  from its transverse component:

(Kot)nud = ;nt—l/(o, @) Z&(o,  q$) Cos 1 Cos ;Uo.
ro

(31 )

‘J)hc })rojcctcd  lengths of the nuclear trai]l, A,,UC1, and the two dust trails, Aj’& and
A~flt,  Incasurcd  fro~n tllc train’s midd]c in, say, arcscc, yield the following conditioI1s  for
the effects duc to the jovial)  radial difftirclltial  ljcrturbatiolls  and the velocity illcrcrncllt:

rnax{e,~,} [a (A?. ),,UC1 + II (A~for~))I,ucl]  = ~Ar,ucI)

[ 1max{e,~,}  u(A?’)dw,~  + h (A~~rb)dust =  A5titj (32)

[ 1nlax{o,4}  a(Ar)duRt  + ~ (-A~’orb)dust  =  A%tt

wllcrc a (ill arcsec pcr km) and b (in arcscc pcr m/s) arc the rates of the two dispcrsioI1
cflccts, whic]l vary with both  the tirnc of observation and t}~c time of tidal disruption. We
note that they arc related to the cocfl”icicnts  A and .lJ from (4):
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~~ A,,,,Cl Z= ~;~ A..cl,
‘1 “ 2A

(33)

b =- &- A,,UC1 =. -2”~A,,uC1.
&

‘1’hc symt)o] max{o,d} for a givcxl spi]l-vwior  oriclltatic)ll  ill (32) indicates the peak va]ues
attained  by (he bracketed exl)ressiolls  over the entire  nuc]car surface, that is, anlol)g  all
]Jossible  combinations of {0, {~}. ‘1’} Ics12  lnaxima  dctcrminc  the obscrvecl  extents of the
IIuc.]car  traill  and the dust trails tl)at  cl)tcr the rigllt-}lal]d sides  of (32). ‘1’hc values  of
O and ~~ for which tl)c ll)axilna arc rcac]lcd  are gc]lcrally  diflcrcnt, for the train al)d t}lc
trails, Sillcc the bracketed expressions arc symlnetrica]  with respect to the co~nct’s  ccntcr
of ]nass and since tllc cx])rcssiolis  011 tl)c left-}land sides of t]lc second alld tllc t}lird lines
arc identical, the condition A$u~t < A$,~~L froln ‘1’able 2 implies nol]sphericity  of the parent
IIUCICUS alld/or  diffcrc]lt  pro]mrtim  of ])art,iclcs tliat ~)opulate  the two trails. 11) ally case,
onc call intrclducc an effcct,ivc radius of the orjgiylal  nuc]cus, It,fl, and combine t}lc first
c.ollditioll  of (32) wit]] the seco))d or t,}lc third O)IC to find, af’t,cr illcorporatillg  (33):

with }~.Ot ill s and the factors 103 introduced in order to adjust the units of Lhc vc]ocity
terms froln s-” 1 to In s- 1 kln- 1 to conform with the units of the cocflicicllt  11.

‘1’])c equations (34) represent two independent conditions for &~, both of w}licll  lnust
be satisfied at the salnc tilnc,  if t}lc lengths of t}]c rluclcar  traill  and tllc dust trails are to bc
intcrprctcd  as ?nanifcstations  of the same disruption cwent and the associated post-breakup
phc~lolnena,  Before wc present the nulncrical  results, we point out that U1{ is the olIly
quantity in tile first equation of (35) that depends on O and ~. Since max{~,~,}[ll]t((?,  #~)] = 1
and 2 == sec2 ~uo, the first equation of (34) call bc writtcll  in tcmns of z, thus indicating
a symmetry of the solutio]ls with res])cct to pcrijove:

Refl =
0.89Z2——.————

()I\r;,
1 -i 1 . 1 3  - – -  ZK:”C,  COSI’

Pro~

(36)

where l~,it is the critical rotation period at an assuIncd nuc]car density of 0.2 g/cm3 axld
cc~ual  to 7.38 IIr or 0.3075 day [cf. the text that follows }tcl. (5) in %c. 3]. ‘1’hc units
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of l<l;l and &t z I<,iL arc the same, while  Reff is again ill km. ‘1’he constraints 011 the
relationship hetweml  t}lc rotation ]Jeriod a]ld t}lc  obliquity  arc set Ly the sccol}d  cquatioll
of (34), so that l~q. (3G) is llot Ly any xncalls  valid for all values of }),Ot allcl 1. Wc point
out that when the time of tidal disruption is assulned to coincide with the time of perijove
(z == 1) and when the obliquity is assumed to reach 90°, the relation (36) yields a size of
t}lc progenitor nucleus that is almost idcntica] with the size derived by Scotti and Mclosh
(1 993). IIowcvcr, we will show Mow that, because of the constraints set by the trail lellgth

,.,; K&.,), this result cannot be dcfaldccl ill the ~ralncwork  of ouro]) tllc function g(l, @; }’
cone.cptual model.

one of the rcsu]ts of the comet’s iInaging  with tllc }lubh]c Space ~’clcscopc  (IIS~’) 011
July 1, 1993 was, according to Weaver et al, (] 993), a discrimination of tile brightest
fraglncmt-  a sing]c, somewhat e.lo~lgatccl  feature wlIcn observed with large grou]id-based
instrummlts-  --i I1i,o at least four cornpollcntso  ‘1’}Ic  two nlaiI1 coml~oncllts  appear 011 Weaver
ci a].’s  l’ig.  1! to be NO.3 arcsec a~)art,  a]ollg a }josition angle of WI 20°–3000, tl]at  is, ill
a direction t}llat makes an allglc of 40°---500 wit]) the nuclear trai]l.

IIccause  of this pccu]iar  oriclltatioll  of tllc ])air, wc suspect that t})c two c.onl])ollcllts
could hc products of a more reccrlt breakup. Whi]c it is ilnpossib]c to detcrrni~~e  the time
and circunlstallces  of t]lis prcsulncd  secondary sl)littirlg, wc scarc]lcd  for scm]arios collsistent
with tllc pair”s separation distance and posit,ioll al]g]c On t}lc  ]]S’]’ image, nc,glccti]lg  eflects
of tile gravitatiollal  interaction Letwecn t}]e colmponcnts. We foulld  a large numbcx  o f
solutiolls involving very ]OW scl)aratiol]  vc]ocitic;s, se]cctcd  cxa!n})]cs of W’hic}l  arc listed in
‘l’able  4. We i~lso found less attractive so]utio))s based solely OX] Jupitm’s  radial differential
]vmturbations  and suggcstill~,  breakup tilnm closer to ~)crijove. ‘1’here is a prcccdcnt  for the
killcl  of secondary  breakup suggested by the scenarios iIl ‘1’able  4. A satisfactory solutio)l
to the orbital motion of one of the companiorls  to the principa] component of })criodic
~o]nct  }Irooks  2, observed in ] 889 followillg  t}lc  comet’s close a],proach  to Ju])itcr  ill 1 MM,
could only he dcrivcxl on tllc assumption] t}lat t,}lis companion broke away froxn the ot}lcr
cohq)allioll  ap]n-oximate]y 1 ~ years after  the splittil]g  of the progenitor nuc]cus at Jupiter
(Sckal,i,,a  1977).

‘] ’AB1,lI;  4. Examples  of solutions co~lsistcnt with a separation distance of 0.3 arcsec at a positiol[ angle of
300° between the two main components of the brightest fragment of }’/Shoernaker-I,  evy 9.

- . ———.——————= —- — .
Scl,aration  velocity of the nucleus pair (m/s)

Assurncd ‘J’inle - . . .  ——.  .—.  — —.— ——. . . .— .
tirnc of elapsed I)ist  ante No normal  component No cross-track component

the pair’s from fr’oJn – — – – — – - — — - – -  –-. - . - . . . . — —  ——
sl)litting prnijove Jupiter Orbital-velocity ‘I\ansvcrsc  Orbital-velocity Normal
(OWI’1)1]) (days) (A[J) component component component con~ponent—— — — . ——

1992 July 10 2 0.0162 + 0.005 - 0 . ) 2 +0.006 +0.17
15 7 0.0380 + 0.007 -0.08 +-0.010 +0,12

Aug. 1 24 0.0849 +-0.012 -0.06 +0.016 -t 0.09
Sept. 1 55 0.1420 40.016 --0.05 4-0.023 -I 0.08
Nov. 1 116 0.2175 40.024 -0.06 -10.036 -t 0.08

1993 Jan. 1 17i’ 0.2681 40.030 –0.08 +0.054 -10.10
— —— — — — _—— —
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}~ccausc of the role of the mass distribution function, h(m)  dm, ill the steady-state
partic]e-vc]ocit,y d i s t r i b u t i o n ,  wc chcckcd  w}ict,]ler  the mass  ]aw iInp]ied  by the co]lisio]la]
moclc]  dcwclcjpcd in Sm.. 5 is c.oIlsistcllt  wit]) Weaver C( al,’s (1993) sequence of plloto-
metrical]y  determined dilncnsions of the  I I brig} itcst fragments, assumil]g tllc same bulk
density. Writing h(m)  dm := (hO/t7Z)  d?7z, w]lem }Lo is a constant, the number of fragments
whose masses arc equal to or exccwd m is

(37)

where m “ “ . . . . .
~ ]s again the upper IImlt of t}le partlclc  mass dlstr]butlon,  ml,Or,,, is an arbitrary

normalization mass, and h ~== ltOln(T71w/TTin0,,,,).  ‘1’hc progcl,itor  comet’s mass, calculated
as a sum of the masses of all fraglncnts,  is then

wllcrc m. << 772W  is agairl  the ]owcr liIr)it of h(m) a~ld tl]c mass of tllc debris is dominated
by tllc colltributiol]s  from tl)c largest fragments. combining  (37) with (38), wc find

()hK,
A4 =- ho m,, O,,,L exl) — .

ho
(39)

A]q)lyillg  (37) to Weaver et al.’s (] 993) scqucncw of I I fragments, W11OSC pllotolnctrical]y
clctcmnil)ed  sizes were convcrtcd  illto Ilmsscs assulnillg a bulk dc~lsit,y  of 0.’2 g/c1r13,  wc
obtai]lecl  al] cxcellcnt,  agrcmncllt, wllcIl  t]ic faintest ~)icc,e was igllorcxl, wit}l the result

h“ = -{ 7 .434-0.21,

hm =“ –0.40 * 0.20,
(40)

wit}) tl]c jnas:ws cxprcsscd  in units of 10IG g. Wllcll tllc I )t}k fragment was incluclcd,  t}lc two
])ara)nctms  Lccamc ho c +- G.57 4 0.45 and hm, == +O.l G A 0.49, also yiclcling all acceptable
so]utiol]. ]~ronl (39) alld (40) wc found A4 n ] ()]6.85+  002 g and, convm-ting the nuclear lnass
back into  the radius (thus eliminating any effects of the assurncd density), wc obtai]lcd  for
the progenitor }t,ff = 4.4 A 0.1 km. ~’hc formal error, although not quantitatively nleal]-
illgful,  inclica,tcs a high dcgrcc of corrcspollclcncc  Lctwecn  theory and observation. ‘l’lie
other set of paralnetms ho and h=, yielded  a radius that was slnallcn-  by only 0.1 km, ‘1’bus,
we not o]lly collfirlncd  that the assu)ncd m- 1 law is consistcnlt  with tllc size distritmtioll
of t}lc largest fragments, but wc were also able to derive arl estimate for the radius of the
])rogm)it,or  IIUC]CUS.  III addition, cxtrapo]atil]g  (37) to n D 2], wc foulld  a Inass of N] 01475 g
al]d all effective radius of Ilcarly 0.9 km for the faintest of the 21 fragments.

8. APPL1[CATION OF 1111; RO’I’ATION MODE1,  AND CONCI,lJSIONS

]Iccausc  of the multitude of parameters that elltcr Nqs. (34), the conditions for lt,~ were
expected to bc satisfied by a large ]mmbcr  of solutions, which wc tried to constrain as much
as }Jossiblc.  ljased  o~] the results of Sees. 5 alld G, the mlhanccmcrlt  factors for the lluclca.r
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trai~] and the dust trails were ill Inc)st  runs assumed to Lc K~UCl = 0.5 and K$u,t == (3. ‘J’lICSC
values reflect our preference for the model  with ~ R I of the mass distribution function of
the dctn-is  involved [cf. (22)]. Sup])ort for this law was clcmonstratcd  in %c. 7. l;ffccts of
varyil]g  &Cl and x& on the solutions arc briefly addressed below.

one of the two remaining fundamcnta]  pararnctms,  the effective time of disruption to,
was calculated from high-quality data of the nuclear train’s  oricntatioxl, as described later  ill
this section, while the other, the trail-to-train lcnlgtll  ratio J, was found from available widc-
ficld imaging. Since the dust trails are features of a low surface brightness, fading gradually
away with i]lcreasillg  distance from the nuc]ear train, their  detected extent, clcpellds  011 the
observing circumstances, the ex]josurc time in particular. The n]odcl’s  lnost scvmc test
is offered by A derived fro]n t]le maximuln  lcllgt]l  estimate for the more cxtcxldcd,  wcst-
sout]~wcstcrn  trail.  ]~’rom ‘1’ab]e 2, (A~~~),,,aX  R 10.5 arcmin at a tirnc w})ell the length of the
)mclcar train was A~uC1 = 51 arcscc (Scotti  and h4closh 1993), yicldillg  A cx 25. T’hc lc)]gth
of the sllortcr,  cast-northeastern trail, whose (A~&)n,hX & G.2 arcmi]l in I’able 2> i@i%
very crudely, ,A ~ 15 ant] could  contai]l  debris from a }lost of locations  in t]lc origillal  nuclcws
t]lat  satisfy tlhc sccolld  collditioll  of (32). one c)f the solutio]is  is obtaillcd  by ]~laxinlizillg
tl~c  brackctec]  cxprcxsio]),  that is, by apl)]ying  the salnc quantity g(l, O; }’,Ot;  K~uSL) that was

I < (%’&, /%yi)lt,rr  for t},cde.rivccl for t})c west-sout]lwestcrll trail,  ill whic][ case l(A?’)dtl~~  _
east- nortl]eastcml  trail. A lnu]titudc  of so]utioxls call simi]ar]y be offered for ally interior
poini  along ciither of the two trail bra]]cllcs.

AS discussed below, ar] assurn]~tiol) that  the tidal brcaku]) of the progenitor occurred at
a~ly ~)articular instal]t  is artificial, bccausc the episode Illust l)avc bcc]~  c}laractmizcd by
a finite duration. However, modcli:)g  of t]lc debris cvo]lltiol)  s}lollld take into account the
fact that, t])c hig}l]y  organized forces illvo]ved,  SUC]] as tllc joviaTl radial difierentia]  pcrtur-
batiol)s,  arc rather  inc~cicl]t  duril]g t]]c car]y p]iasc  when particle  lnotiol]s  arc chaotic due
to il)tcnsc collisiollal  intmactioxl. AS a result, tl]c cfleciivc tixne  of breakup that alters  the
cxpressio]ls for the evolution of t}le debris s}lould  follow the period of physical disruption
of the parent, cornet with a lag that is characteristic of the tin-m spanned by intense c.olli-
siolls,  whit]), as mtablislled  ill SCC. 5, was crudc]y O.] day. 011 tllc otl]cr hand,  of course,
it is plausib]c  that t}]c tidal breakup began hcforc  pcrijovc, which leaves us with no clear
guidal)cc as to what was the effective time of breakup to, to be employed in the cquatiolls,
relative to ]wrijovc,

Wc Lcgan our investigation of solutions to the conditions (34) by examining the case
of the cffcctivc time of breaku]) coillciding  wit]) ])crijovc. ‘J’hc first of tile two conditions
was used in its form (3 G), while the evaluation of the coefficients g(l, @; PrOt; K&) was
conducted in a three-dirnel]sional ])hasc space, in whicl] the obliquity 1 was varied from 0°
to 180° ar]d tlhc  argummlt  @ from 0° to 360°, both at steps of 10°, whereas the period l~.t
was variccl from l)Cti~  n 7.38 hr to scvcra] days at progressively il]crcascd steps. It SOOI)
bec.alnc obvicws  that for a slowly rotating nucleus, ILL >> l{rit, the contributions of t}lc
velocity terms in (35) and (36) bccamc  so small that they ]lad ]Iard]y any effect on the
solutions, in that the nuc]car radills ca,]cu]atcd  as AA/g always turned out to be InuclI larger
tl~aT) tl]at  calculated as A/j. Although the difference between the values of It,ff derived
from the two conditions dccreascd with decreasing l~Ot as well as with 1 approaching 180°,
for 110 combination of 1, @, and }’rot wmc they found to coincide. WC concluded that,
within the constraints of our conceptual model, the assumption of a tidal  disruption at
pcrijove  yklded  no solutio~is.
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The next step was to investigate solutions for various ot}lcr assumcxl  times of breakup.
2’WO cxalnplcs,  displayed in Fig. 7, illustrate a symmetry with respect  to pcrijovc. ‘J)he lcaf-
shapcd  areas of solutions are bounded by the critical period at the bottom and terminate
in a tip at 1 = 180° on the right. ‘1’wo curved boundaries connect the bmc at }~rit  with
the tip: the upper  curve, calibrated ill F’ig. 7 wit}] the values of the nuclear radius RM
increasing from the left to the right,, is charactcrimd  by a constant argument of subjovian
meridian which is equal to @ = 900-- ~uo or 270° – ~uo and shows that the minimum nuc]ear
radius that si~tisfies  both conditions (34) corresponds to the critical rotation period and
to the lowest obliquity. ~’hc lower curve is an isolillc of the maximum nuclear radius
that satisfies the two coIlditiolls.  q’he curves that  connect the upper curve. with the base
}+OL =-- ]~nt and lie in Lctwccn  the two boulldaries  were calculated from (3(3) allc] represent
the isolincs  for sornc intermediate values of the nuc]car radius. l;ach solution bctwccxl
the two boundary curves is satisfied for four diflertxlt  values of @, whit.11 for l~ot = collst.
closely satisfy a co~ldition  of the type:

@ =: ] 800 .j --- ~ [UO 3 arccos(w~  + wz c.os 1)] , (41)

where w] and u~2 are cocfflc.iellts that, depcmcl on the parameters of the solutions, such as
the rota.tiol~  period and tllc tilnc of disru])tion, and j stal)cls for ally of the four ~Jossiblc
values, j = -1,0, +-1, 42, such that @ is in the interval of (0°, 3600). }“or example, for
l~Ot == 7.38 hr and i. = 7j + 0.1 day wc found Wl == --0.82198 and Z02 = –4.3GO18,  wit}l
tlm adopted values for K~UC1, K&St, a~ld A. A limiting condition of cos 1 =- –-(1 +WI )/u~2
yields 1 = 87”.7 and, with j =.. +-], @ = 90°– ~uO == 390.4 allcl, sy]nmctrica.l]y,  2190.4.

‘1’hc solutions ill Fig. 7 show that for a particular value  of Ito - 7j I <0.05 clay the circum-
scriLcxl  area {;hould clcgellcratc  intc)  a point at 1 =: 180° and &t =- l~rit. Our calculations
confirmed that this was indeed so and that  tl)e IIlinilnum  temporal separation of the tidal
disruption frcm~ pcrijove yielding solutions collsistcnt  with the conditio]]s  of (34) is 0.64 hr.
‘1’hc range of nuclear radii that, satisfy the constraints is shown ill l’ig. 8 as a function of
the assumed effective time of disruptio]l. ‘]’hc rnillimum nuclear radius allowecl is 4.0 km,
substantially larger  tllall Scc)tti and Mclosh’s  (1993) result of W] km.
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ROTATION SOLUTIONS FOR TIDAL BREAKUP
13 l~IG. l“. Rotation  so]uticnls

in a plot of the obliquity 1
versus the rotation period
J~OL for A = ‘.25 and for t}lc
assurncd tirncs of breakup
of +0.05  and +0.10  d a y
from perijove.  q’he critical
I,eriod }’crit  is the ordinate
for the axis of obliquities.
‘J’he leaf-sba~)ed  areas for
the solutions are calibrated
with values of the nuclear
radius A!Cm, whose isolines
are also shown.

OBLIQUITY, J



[o .J .. J.. .L__LJ_._L_L I J.. 1. I_J_I__l_J_L_L_  I.LJ_JJ ..- I _.L_LI J. 2 -1 0 +1 +2
TIME OF TIDAL DISRUPTION (hr from perijove)

I’IG.8. Interval of nuclear
radii for the parent comet
that satisfy the conditions
(M) versus the time of tidal
disruption for x~ucl =0.5,
~~u~t =6, a11d A= 25. rJllc
minimum implied effective
radius amounts to 4.o kin.
An adopted time of nuclear
breakup is highlighted to
show the implied limits of
t,ctwecn4.4  and 7.2kn]on
the radius of the original
nucleus.

]’;ffects  of ‘the cnhan cement factors K~,,Cl ant] K~Uq~  arc i]lustratcd  il) ‘1’able  5, which lists
the minimum effective nuclear radius c)f the parent c,o~net,  A?,m, calculated for an assumed
time of disruption of 0.05 day from ])crijovc. The radius was found i)] this case to bc at
least ~3 km, esscntial]y  indepcxldel]t  of ~~u,l,  hut  illcrcasillg  witl] decreasing K~u,~ and with
increasing  trail-to-train ]engl,]]  ratio of .1. Si]nilar]y, all investigatiorl of the mlhancancnt
factor effects carried out for an assumed obliquity of 180° and a rotation period of 7.38 hr
but with rlo collstrail]ts  set o)] t}]c ti)nc of CIisru])tioll  s]lowcd that it was IIOt ~)ossiblc  to
satisfy t}lc collditions (34) wit]l a nllc]car radiLls slnallcr t}lan *3 km and t]lat  J]O so]utiol]s
were foul]d W1lC]I  the disruption was assumed to have occurred ill the immediate proximity
of pmijovc, 1’;VCII t,hougl]  long-exposure images of the comet takell with wide-field cameras
lnight yield J, > 25, F’ig. 5 suggests that very fcw celltimctcr-sized and larger pa.rticulates
could collisiollally  be accclcratcd  to equilibriuln  velocities equivalent to K~u,i ~ 8. ‘1’bus,
values of K:ML >> G arc unlikc]y  for t]lc debris in the trails, implying that t}le lninimum  size
of t}lc. parent rluclcus  was greater than 3 km. Similarly, cmhanc.emcnt  factors K~L,~t << G are
unlikely tmc.ausc they imply millilnurn  Iluclcus clilncnsions  too large to hc compatible with
indc~)cndc]lt  evidcncc (Sec. 7).

‘] ’AH1)P; b. l),cpelldCIICe  of t~le  nlillinlurll  Iluclcar radius l&fl and ot,liquity  I of ]’/Shocn~aker-  l,evy 9
011 the enhancelnent factors K;ucl and ~~u~t (for Ito- 7jl = 0.05 day, J’rOL  = l’crit = 7.38 hr, A ~ 25).

.—— ——-—=— ——_——=—_
l;nhancen)ent  factor for large fragments

—.. . -—.
K:ucl =“-0.3 K:uc, = 0.5 K:uc, = 0.7

l’;nhancemcnt  — —  —- ————— . — —  ————.—— .—. —.. —
factor for WTective Obliq- FXfective Obliq- I+;ffect ive

debris,
Obliq-

radius, uity, radius, uity, radius, uit y,

dust I<em (km) 1 A?tfi (km) I }/tfr (km) 1

4 7.1° 180° a 6.6 138° 6.5 122°
6 4.4 157 4.3 123 4.2 112
8 3.2 125 3.2 110 3.1 104

— ——-—— ——

o No solution fo~ lfo - 7jl = 0.05 day; listed f~(n and J are for t}ie niinin,urn lio -7j I = 0.0577 day.
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in sulnmaryj  thcrcforc,  we envision that the events cxpcricnced  by l’/Shocmaker- l,evy 9
in the proximity of Jupiter on 8 July 1992 began with fissures and cracks, caused by
tidal strmscs  propagating throughout its nuc]cus, whose cffectivc radius was probably near
5 kin. Perhaps even before rcaclling pcrijovc, tllc inflicted structural failures resulted in tllc
comet’s starting to break  up into a very large number  of fragments of different dimensions,
from microscopic partic]cs  to kilometer-sized objects. Since t}lc debris from various loca-
tions of the origirlal  nucleus was rclcascxl wit]] differcrlt  rotatiolial  velocities (on the order
of 1 n]/s), collisions among individual particu]atcs  Lecarnc  inevitable. continuing tidal
fracture and collisions contributed to further fragmentation, the hulk of which apparently
was not com]plctmd  until after pcrijovc. Monte ~arlo simulations indicate that tile colli-
sional vclocit,y distrilmtioll  rapidly “thcrxnalizccl”  and clcvclopcc]  a long tail,  with typically
a fcw pcrc.enlt  of the ICSS rnassivc particu]ates  rcaclling velocities of more than 5- (i times
the initial rotatiol]al  vc]ocity. Simu]tancous]y  wit}] il)crcasillg  velocities and the gradual
cxpallsion of the CIOUC1 of debris, the gravitational potential of the assemblage was clccrcas-
illg with time. l’hc  initial rotatio]lal  vc]ocitics,  not exceeding the surface cscapc velocity
from the progenitor lIuclcus  win-c collisiona]ly  cll}lallcccl  to surpass , siglliflcantly in many
case%, t}lc surface mcapc  velocities froln even tllc largest fragrnclits.  llowcver,  because of
the chaotic waturc of t}lc interaction alnong particu]atcs,  the process of collisional  rcdistri-
Lutio:l  of individual fragmc]lt,s irl t}le C]OUC] of debris }Iad continued  until intcrlse collisions
subsided. As a rcsu]t,  t]lc cflectivc  tilnc of disruption in our mode] dots not c.oillcidc  with
t}lc irlitiation  of tidal  frac,turc but,  illstcad,  csscIltial]y  re]~rcscnts  the com~)]ctioll of t]lc
collisions] redistribution of tllc clcbris. F’or the massive fragments in the train the model
prcdic.ts  a dynamical evolution that is diffcrcrlt  frcmn that of the finer debris in the trails in
that  tllcir  cquilibriurn  velocity distribution dots Ilot broadcrl significantly and their typical
post-collisional  velocities arc calculated to hc g,crlerally lower than their initial rotational
v e l o c i t i e s .  ‘lThc IIct result of t}lese systematic diffmwllccx  is that t}lc dust trails extend  to

far greater distances from the original nucleus than dots the nuclear trairl.

OIICC col l is ions]  intcractic)n irl tllc cloud of par-ticu]atcs sulxsic]cxl,  Cliffcrwntial  cflccts duc
to tllc jovian gravi tat ional  attraction and the vc]ocity dis t r ibut ion amol]g  fragments  COU]C]

take full control of the subsequent dynamical cvolutioll of the debris, represented scllcn~at-
ically irl 11’ig.  9. ‘J’hc jovian pcrturbatioll  effects  arc  such that  fraglncnts  that at t}lc t i m e
of  breakup were nearer  the  plallct rclllain so throughout  the  orbi t  u]ltil collisioll.  on the
other hand, the effects on tllc orbi tal-veloci ty vcc.tor arc SUCI1 that fragments with greater
veloci ty incrcmc]lts in ihc direction of tile cornet’s lnotioll llavc larger orbi ta l  dimensions

and will collide with Jupiter later in 1994. Another noteworthy property of the nuc]car
traill  is that it always points approximatc]y  at the planet. As a result, the train was vir-
tually  pcrpclldicular  to the orbit at a]jojovc,  in mid-July 1993, but will realign itself with
the orbit again as it approaches and eventually strikes the planet. ~’hc configuratior]s of
pebble- and boulder-sized debris ill the trails can bc dcscribcd in similar tcrlns.

‘1’lIc cffcctivc tirnc of disruption), besides being the evcmt’s furldamcnta]  paralncter  irl
i ts OWII right,, is also seal ill Fig. 8 to ])rovide rat}ler severe collstraillts  on the lluclcar
size of the parent comet. ]n Sec. 3 wc remarked on the dcpcndcncc of the nuclear train’s
orientation on the assumed time of disruption but  wc did not, pursue this point any further
bccausc  of the effect’s relatively low tcmpora]  sensitivity. Ncverthclcss,  wc noticed that
the train’s pcxition angles c.alculatcd  by Scotti and Mclosh  (1993) on the assumption of
the disruption having take]] p]ac.e exactly  at pcrijovc did not, in their ‘l’able 1, rcprcscnt
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the smwn observations m)t,ircly satisfactorily, leaving a systematic residual of -10.0, OX1 the
a.vcragc.  Ilowevcr, hccausc of the large sca,ttcr  ill tllc ]Josition allglc  residuals, froln - 10.8 to
+-0°.3, wc quc,stioncd  the wiscloln of c,onc]udil)g,  o]] tl}is  cvidcllcc  alone, t}lat tllc disru~]t,ion
did not occur at pcrijove,

More recently, wc hail all opportunity to dct,crmi~lc the nuclear trairl’s orientation from
accurate lncasurcnncnts  of the relative  ]jositiolls  of t,llc 21 fraglncllts  011 high-resolution
ilnagcs of the comet (Jcnvitt  1993, Weaver ci, a]. 1993) taken 011 five elates bctwcwn  h4a.rcll  27
allcl July 17, 1993. I’])c position angles  are accllrat,c to abol]t ~O°, ] ayld a significant fraction
of the for]nal error is a.l)])arcllt]Y  duc to s]ig}lt, dcviatiol)s of the individual fraglncnts  froln
a straight line, as discussed in detail later ill this scctioll.  ])iffcrent  sets of fragments on
t]]C salnc ilnage yield  posit ion allg]cs t,}lat  deviate from cac]l ot}lcr by a fcw }Iulldredtlls
of a degree, so appropriate corrections were applied to the traill’s position angles 0]1 the
two of the five dates 011 w}lich t})c ]]unlbcr of ]ncasurcd fragments was ]CSS than  2], before
models were con-rparcd with the oriel]tation  data.

A solutio~]  based on the assumptio~l  of t}]c breaku]) }Iavillg  occurred exactly at pcrijove
]cft ~)ositiol]-an.glc residuals of, rcs~jcctivcly,  - 0°.2G, --0°.45, -...0°,40, -.00.33, a,lld –OO.O1 011
tl]C five dates ar]d t]lcsc were considered to satisfy t}lc obscrvatio)ls rather poorly. 111-
dCCX],  tJlis distribution of rmidlla]s is c]car]y illfcrior  to t]lat  oLtaillcd by assulnil]g  tl)at
tllc cly~lalnicall  separation occurred a s]na.11 fraction of a day after  Imrijovc. F’or cxarn])lc,
tllc residuals am +-OO.O1, --0°.20, -0°.20, --0°.15, and +-0°.15  for tO–7j = -I 0.04 day; and
+ OO.1O, –OO. ] ], --O°. ]3, –-00 .09, and +-00.2] for Z’O - 7j c +().()G day. III our search for t}lc
]]lost prohahle  cflectivc time of disrupt,ioll  wc required t}lat,  t}lc  sum of t}lc  residuals bc
zero Mlcl the sum of t}lcir squares rcacll a lnillimum. IIc)th a cubic power law rcprcscnti]lg
t])c SUIII of residuals bctwecll ~)crijovc  a]ld O.] 2 day after ~)crijovc  and another  cubic l)owcr
law rcq)rcscntillg  the sum of squares of rcsidua]s M,WCCII  0.02 alld 0.10 day after  ~)m-ijovc

DISRUPTION AT CLOSE

\  NI!NHR’”P’TER

—.

$%.-%c/@f o “’”., EVOLUTION OF P/COMET
SHOEMAKER-LEVY 9

JUPITER \
\ 1 9 9 2 - 1 9 9 4

\
IMPACTS ON JUPITER ~ –1 \
J U L Y  1 8 - 2 3 , 1 9 9 4  & \

d \
q, \
o\ I

\

~1

&l \
Q ‘, \

\
\ U.

\ t, a

‘k 1 *QO APRIL 1993\
\\ I

\ }\ #
,4/ - -  . _ . . *  ~

EARTH –~. APOJOVE
“* JULY 16, 1993

29

}’lG,  94 Schematic re.prcscntaticm
of the tidal brcaku]j  of the lJarc~lt
nuclmrs  of l’/Shocr1lakcr-  Imvy 9
in July 1992, the orbital evolution
of its fragments, and their colli-
sion with Jupiter in July 1994. It
should  he rcrncmbcred  tliat the
cmbital dimensions arc not drawn
to scale and that the ratio of the
“apojovc distance ill July 1993 to
the perijove  distance in July 1992
is in reality equal to w440. ‘1’he
sizes of Jupiter and the fragment
chain arc not drawn to scale ei-
ther.



showd  that  the breakup,  taken  as a dyl]a,nli~a]  Sq>aratjon  of tllc debris,  took ~J]acc m o s t

probably  0.0(308 day, or shout 1.5 hr, after  pcrijovc (1’’ig. 10). ~’l]c uncertainty is estimated
at ICSS tha.11 4:0.02 day or +0.5  hr. ‘1’his  time is consistent with tllc constraints in F’ig, 8,
which imp]y a range froln 4.4 to 7.5 km for t}lc  cficc,tivc  radius of tile original IIUCICUS,  the
lower limit coinciding wit]) the result  c)f Sec. 7. A Ilominal, self-consistent model that  we
adopted for the nucleus and the circumstances at breakulJ is prcscmtcd  ill Table G,

l“roln the stand~)oint  of our alla] ysis, the two limits 011 the nuclear size of the progenitor
co]nei are equivalent. Our sclcctioll  of a radius ill tile Ilornilla] lnodcl  was strongly  influ-
CI:CCC1 by the results of Sec. 7, ba,scd 011 Weaver ci, a].’s (] 993) photometric mcasurmnc~lts
of the large fragments. ~’]lis  choice  of the radius  dictates that the s])ill rate of the original
]] UC]CUS  bc very near the critics] Va]UC, so t]lat  the rapid rota,tioll  a,pparcntly  assisted tllc
tidal for-cm in disrupting the parclit  comet. g’hc range of nuclear sizes indicated by the
constraints ill Fig. 8, whi]e model de])cndcnt,  is Ilot a functioll of t}le u~lknowll reflectivity
allc] ])llasc ]aw for t]lc fraglncn]ts.  ]~or CXallll)]C,  a I)]ausib]e geometric albedo  of 0.02 wou]d
result in an esti?natc of G.2 knl for the ]Jrogenitor’s  nuclear radius, approximately halfway
bdwccn  the two ]ilnits illdicatcd  irl ]1’ig.  8. ~’}lc 3cr up])cr ]ilnit of 2 x 1027 Inolcculcs/s  0]1
t]lc comet’s water production] rate (Weaver cl, a]. 1993) likewise  fails to provide tig}lter  co]l-
strai])ts  OXI the nuc]car size. Wyckofl Ct al. (]985) Cstiynatcd  that a water production rate
equal to this limit was not rcaclled by ]’/]] a]]cy ullti] it approached the SUn to 4.7 AIJ. C,oII-
sistc]lt wit}l  this estimate is ]’/]] a]lcy’S  prepcrihe]ion  water-production) curve by l’eldmall  ct
a]. (1 987), wlllicl) predicts  an 1]20 ra,tc! of ~G x 1026 mOICCU]CS/S  at P/S]locmjaker-  ],cvy 9’s
}m]iocm]tric  distance of 5.45 AIJ. ]<c]ler Ci a],’s (] 987) estimate  for the surface area of
l’/llallcy’s  nu[clcus yields 5.G kln for its effcct,ivc radius. A  corrcs])onc]ing  upper  limit 011
I,}lc dlcctivc  radius of l>/Shoemaker- 1,cwy 9 is then w] O km , if tllc two comets had t}le
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same fraction of their nuclear surface active. }]owcwcr,  this estimate woulcl  apply Only if thC
c.omct did not split, ‘1’hc mass distribution) law for the large fragments that was considered
i]] SCC. 7 irnplics  in a spherical approximatioll  that the sum of their surface areas should
lm greater than the surface area of the original nucleus by a factor of ~h~’3 [where ho is t}lC
dimcnsioll]css constant from (40)], or w2.9 times. A revised estimate for the upper limit to
the nuclear raclius of the parent cornet  is then G km. If less than 10% of the total surface
of tllc fragments was outgassing  at the time of the IIS’I’ observation, the lili~it  would k
still hig}lcr.

‘1’here is a good chance, however, that the wa.tcr ~)roduction  of l’/Shocnlakcr-  l,evy 9 is
overestimated by Weaver cf, al,’s (1 993) 3U up])er limit by many orders of )nagnitude  and
that tl)c c.omct’s activity, if any, lla,s for a]] prac,t,ica]  purposes been ncg]igib]e  ever since
discovery in March 1993. Stroxlg cvidcncc for this argulncnt,  is offered by the rcxu]ts  of
wide-ficlcl imaging. If the c,omct co]ltillucd  to emit dust in detectahlc  amou]]ts,  a significant
fraction of the ejccta WOUICI  h i]] tl]c form of submicron- alld micron-sized particles, since

~’ABI,E 6. Nominal rnodcl for the nuclrms and tidal fracture of }’/Shoenlaker-  I,cvy 9
(l<~i~ z- 7.3S hr, ~~,uc] c 0.5, X~UB~  = ~,

— . —..—....——————— —..

]’Ankhmmrts  OF ORIGINAI,  NUCM:US  (J 2000 RrwEM~NcN  FRAMII1)
IXTcctivc radius, lr’,fl (knl)
Rotation period, }’,Ot (hr)
Otrliquity  of orbital playte to equatorial plane,  1
Argurlle~lt  of subjoviatl  nwridial] at pcrijove,  d’
liight ascension of the nortllcrn  rotatioll  pole
Ileclination  of the northcr~i rotatiol]  I)OIC

C; IIMUMS’J’ANCI,;S  Al “JW)AI,  lJISF~UP’IION

Effective time, io --7j (hr from perijove)
l’ruc  anomaly, uo, in jovicentric  orbit at the time
Joviccntric  distance at the time (JuIJiter’s  equatorial radii)
~oc~cient  A (m/s)O
CocfIicicnt  B (rlI/s per km)”

llALIF-LENGTII  AND ORII?NTATION OF NUCLEAR ‘1’RAIN*

Radial  separation ~,aramctcr,  (At)nuCl  (k~]])
O,rbital_velocity  iIlcrcrnellt,  (AVOrl,)nUCl (nI/s)

I, ENGTYI ANI) OF{IENTATION or’ W~4;s’1-sou~tl\v~sll;IIN  Ims3 1XA114
Adopted length factor ~
Radial  separation parameter, (Ar)d.,L (kin)
orbital-velocity increment,,  (L3Vorl))du,t  (Irl/s)

Radiation pressure acceleration f?end at el]d point

I, ENGTII AND ORIENTATION OF E; AST-NOIt7’11EAS1’P; ItN DUST TRAII,C

A.doptcd  length factor A
ILadia] separation parameter, (Ar)du,~  (km)
orbital-velocity increment, (Ak’O,~)dU.,  (111/s)

ltadiation pressure acceleration ~Cnd at end point

4.5
7.45

113°
49°

187°
+ 36”

-11.46
4820.6

2.79
0.249
0.069

+4.5
–0.15

25
–1.0
+6.41

o

17.6
+0.7
-4.46

0.018
_. ———..—— ——

~ For definition,, see l~s. (4).
Applies to the west-southwestern] end of the train; signs of the two parameters are reversed for
the caqt-northcastenl  end.

c On,: of a multitude of solutions; obtained by maxintizing expressiorl  [Q(Ar)d”,t -t b(A~%,b)du,t].
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t,hcy are the easiest to rclcasc ant] to detect o~)tically.  I{eprcscntil]g fresh emissions sub-
jcctd to solar radiation pressure, they would travel prcdominal]t]y  along the radius vector,
away from tlw Sun. As projected onto the plalm of the sky, the antisolar  direction rotated
rapidly ill late March 1993 when the coxnct  was Ilcar opposition wit}l the Sun, the position
angle }laving ‘been (at Oh T])]]) 312° on hflarcll  25, 321° on hfarch  2G, 343° on the 27th, 33°
on the 28th, and 73°, 89°, alld 96° 011 tl]c last t]lrec days of hlarcll.  Ily contrast, during
the period from mid-Apri]  to mid-Ju]y,  the position  ang]c  was almost constant, between
110° and 11 4“. Accordingly, oIjc should expect to see two ])hcnomena on wide-field images
of tile comet, if it were active: (i) a. rapid  countcrc]ockwisc  rotatio]) of a brig}lt  streamer
or a plume in the sector of matcria]  to the Ilortl) of the IIuclcar traill ill late h4arch and
(ii) a pcrsistcni dust feature to tl]c cast-southeast, i,] April-Jllly.  ‘1’here is not the slight-
est cwidmlce for either. It sccrns to us that t}lis sccol]d ~)oint is cspccia]]y  lct}lal to the
proposition] of co)]tinuil)g  dctec.tab]c  activity.

‘1’hc  aknce.  of such activi ty is sup~)ortcd  by MTcavcr  et al.’s (] 993) c.oIlclusioIi  that
the c]ust  clouds surroullding  t]jc ind iv idua l  fragnlexlts  j]] t}]c traiIl IIavc a,p~)arm)tly  IIot
bccl) galcratcd  by a, steady-state produc,tioll  and could IX rnadc Up of rclatjvely large co
nlovillg particles. ]1’urt,})crrnorc,  Weaver  et a],’s colnrncnt  On several of ~lle  fraglllcnt,s  be,illg
lnulti]de s y s t e m s  o p e n s  u]) a Inajor iSsLlc of potcntia]]y  far-rca,c}]ing ralnificatior]s- t}]e
possibi l i ty  of  secondary,  more  or ]CSS sporltancous,  fraglnCrltatioll j])volving  the nuclei (ancl

quite })ossjb]y also t}lcir d e b r i s )  loxIg after the ticla] clisrur)tiol] of tllc o r ig ina l  IIUCICLIS.  ]1]
Sec. 7 wc add rcssed specifically t~lc prob]cll-l  of the two rnail] cornporlerlts  of the b r i g h t e s t

fraglncmt  and showed  t h a t  their sc,l)aratioll rllay ]Iavc takcll pla,ce a s  lat,c. as s i x  lno)lths
a f t e r  tllc pri~l)ary b r e a k u p . Since fragrnenta.tioll a l w a y s  .erltails an jncrcase irl the t o t a l
cross- scctiona] area, t}lc  evcllts of t]lis kiljd a]so S}IOW  u]) as a brjg}lt,er]illg of the fragrnellt’s

CnVCIOI)C.  ~’l]c  rca.sol]s f o r  scc.olldary frag]nclltatioll  arc Ilot known,  but tllc ca~ldiclate
IIlcchallis]ns iI)cIude ])ossiblc rotatio]la] torques exerted OYI objects wit}l Inajor  structural

cracks that  did not  spl i t  during the prilnary  b] ca.kup. ]txcept for the abscnc.c of cjccta
cxpa,r)ding  at ra.tcs cornpara,blc  with the sub l ima t ion  velocity, the r e su l t i ng  e f f ec t s  mimic

erratic activit:y a n d  arc cl]tire]y collsist,ellt, wit]} the observed  tem])ora] variatiolls i]) tllc
brightness  of the inclividua]  fragmcmts.

IIcfore cln~)loyil)g  tile nominal mode] to predict the comet’s future behavior, wc sulnma-
rizc tllc rcsu]ts  of its comparison wit]] observations availab]e at this time. ‘1’hc 2] individual
fragmcmts reported by Jcwitt (I 993) are identified in order of t]~cir position  along tllc train,
tllc castcrnlnost  fra,glnmlt,  (Jcwitt’s  #/21) being assigrlcd  the letter A and the westernmost
frag)nent  (Jcwitt’s #/I), t}le ]ctt,cr W (with ] and 0 not used). ‘J’hc brig} )test fragmcllt,
idcrltical with Jcwitt’s  ##7, is identified as Q. ‘1’hc mode] represents tile five lligh-prccisio~l
orientation data 011 the nuclear trail] (Jcwitt, Weaver) with a mean error of +OO.  13 in l)o-
sit,ion allglc and four high-  prccisioll  data 011 t]]c train’s lengtl]  (Jewitt) with a meal] error
of +-0.1 O arcscc. Since Weaver d al. did ])ot rncasure  tllc two castcrnrnc)st fragrncnts,  A
and }1, t]lc train’s ]cngth could ])ot be dckrrnincd,  }Iowcver, if scaled from t}]c measured
fragments C al]d W, a sommvhat disturbing difference of about – 0.2 arcscx is suggcskd  in
the sense Weaver minus Jcwitt.

An intcnwsti]]g finding is that the forvna]  error of tllc traiI1’s orientation calculated from
tl]c 11 fragments measured by Weaver et al. is not smaller than that calculated from the
same selection of fragments measured by Jewitt. ]t appears that the results do not dejmnd
01] the ilnage definition, w})ich is su]mrior 01] t}lc llS’J’ frames, and t}lat thm-cforc tllc
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forma] error ill the train’s orientation reflects frue deviations of {he irldiv~dua]  fragpncnts
from perfect alignment. ‘1’hcse deviations are not systclnatic  ill t}lc  scIIsc that the string of
fragments wcwld deviate from the g,reat circle, since the polynolnia] representations always
showed the quadratic term to be mca,llillglcss,  Instead, some fraglnc])ts were found to have
a tcndcl)cy  toward being systcrnatica]ly  to the north of t}lc mean ]inc, others to the sout}]
of it. Of the 11 fragments mcasurccl  01) all five dates, 1; and 1, were always to the south
of the mean line by, respectively, 0.05 and 0,11 arcxc,, on the average. ~onsidcring  only
Jcwitt’s  lncasurcmcnts  of t]lc 2] fragrncnts,  six ]licccs---ll, 1“, J, h4, 1’, and g’ (the last llot
measured in July 1993)---werc always to tl)e north of the mca]l lillc and nine- -- A, 1), l;,
G, 11, K, 1,, It, and W–-always to the south. SCVCII of these 15- A, H, 1), J, M, 1’, and
‘J’- arc not among Weaver et al.’s 11 brig] ltcst oncs a,l]d three  of thcnl  deviated from t}le
nman line very sigllifica])tly:  11 by 0.36 arcscc, 1’ by 0.25 arcsec, atld h~ by 0.24 arcscc. ]n
tllc light of our findillgs,  tl)csc results arc illtcr~)retcd  as apparent cvidcnlcc of a scatter in
the effective i,imcs of disru]Jtioll  for t}lc  illdividua]  pieces.

A property coxn]no)] to all tl]c fragnlcllts  t]lat  is mcxlt,iollecl  by Weaver et al. also appears
to be qualitatively consistent wit}l  our Inoclc].  It is a dust co]na t}lat surrounds cacl)  of
t}lc objects, accounting for most of tl]c light, alld displaying radial profi]cs Inuc}) flatter
t}lall  those characteristic of stca,dy-state  dust production and constant  outflow velocities.
II] Fig. 5 we S11OW that a sxna]] but ]lon-lleg]igib]e  fraction of the debris, i]lc]uding  sizable
c}lunks,  is collisionally Clcce]ma,tcd  to cxtrenlc]y  ]OW vc]ocitics  and could easily  get trapped
into gravitationally hound orbits a.bollt onc of the large fragments. ‘1’he collisional  Inoclcl
t~]us })rovidcs  a mcc]lanism for Weaver ct a].’s l]ypotllcsis of co-moving debris. ])c~)c:lding
U])OI] each fragment’s mass, t}lcsc orbits c.oll]d bccomc qllasi-stable cxccpt in the imtnmliate
])roxilnity of ,Jupitcr (SCC. 4), t]lC spatial dcrlsity of t}lc trap])cd  debris varying InUC]] lms
stcc])]y than  t]lc i])vcrsc sqllarc of distallcc  frolll the fragmcnt>s  ccntcr  out to the bourldary
of its sp]]crc of influence.

~o]nparison  of the parameters  (A T)nUCl  arid (A~70,L)nuCl  in ‘1’able 6 with ArlA};r~ = ~ and

AV&lA,=  ~ from l~qs.  (]) shows that the extent of the nuc]car  train is duc prilnari]y  to the
radial-separation effect. ‘J’l]c effect in tl)c orbital vc]ocity  accounts in this model for lCSS
than 4070 of t~hc former al)d works ill tllc opposite directiorl. ]~y contrast, our intcrprctatioI]
of tll~ dust-trail ]cngt]]s i~nl)]ics  a doInillant vc]ocity  cflcct. ‘1’lIC observations of t]]c wmt-
soutllwcstcrll  dust trail ill ~’ab]c  2 suggest al] average ~)ositioll  angle of 257° Y 2°; the Inoc]e]
~)redicts  2570.3 on t}lc  first ]istcd date, hlarcll  26, and 2560.4011 tllc last, hflay 25, 1993. 7’)Ic
rc])ortcd  maximum .lcngth, w1O.5 arcmiIl in late March, requires a separation velocity c)f
Inorc tha~l  6 m/s in tl]c direction of the orbital motion (q’able 6). ~’hc trail’s aligllrncnlt  with
t]lc nuckar  train implies the abscncc of a, Incasurable  effect of solar radia,tioll  pressure on tile
~~articulatcs,  whose dinlcnsions arc estima.tcd to ra,ngc from several c,cntimct,ers  to scwc!ra]
hundred meters. And siuce  the collisiona]ly  accluircd separation velocity distribution) is
shown ill l’ig. 5 to bc strong]y  ~nass dcPcrldcllt,  WC collclude  that the characteristic particle
size decrcascs systematica}]y  a]ollg the trail from tllc rnel)tiollcd  upper limit, near the IIuclcar

trail] tc) the lc~wcr limit at tile trail’s far cmd.

If the parcrlt  comet had a sphcrica] nuc]cus that would disrupt in a fairly organized fash-
iol] prescribed by the theory  of tidal fracture, tllc east- nort}leasterli and west-southwestcrri
trails should be symmetrical with respect to the nuclear train. T’his symmetry would Lc
rcflcc.tmd in their equal lexlgths  and extension ill the same direction. In reality, the ea.st-
northcastcrn  trail  was always observed to hc tllc significantly shorter of tllc two, perhaps
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slig}ltly ICSS sharply defined, a]lcl  ]Jointing  somewhat to the IIorth of the cxhmdcd  direc-
tion of t]le west-so~lt}lwcsterll  trai] and the :luc]car train (Fig. ] ). q’hc observatio]ls  listed
in Table 2 show that the twnd of the shorter trail was on the average 4° +- 2° in Marcl)-
May 1993, its position angle being 73° rather than 77°. lts reported lcngt]l  was on the
average 0.G3 A 0.05 the length of the west-southwestxxm trail. q’hese deviations from the
syInnlc~ry  appear to provide cvidcllce fol all irrcgular]y  slla~)cd  nucleus of ttlc parent cornet,
and ~Jossihly  also for nonuniform physical conditions during the breakup and ill the SUh-
sequcnt  c,ollisional  environment, Since the chaotic nature of the collisional  process rules
out any o]]c-tchone  correlation between a ]nillor  fragmc]lt’s initial locatioll ill t}ic original
nucleus and its location in tile dust trail at a givcl)  tirnc, it is not possible to pinpoint
the exact source of tllc asymmetry bctwecll  the twc) trails. Ncvcrtllcless,  the observational
cwidc~lcc  lcacls to two conclusions: (i) t}le short,cr lc]lgth  of the ca.st-northeastern trail in-
dicates  that t,llc  regions of tile origina,t IIUC]CUS  that Werc t]lc source of the ~cbris ill t}lis
f ea tu re  we re  gcllcrally dcficicnt ill ]nass colnparcd  with other  regions and (ii) the diflcrcnt
oric]ltatioll of tile ea,st-northea,stcrll  t rai l  suggests  that  ccntirnctcr-sized and larger partic-
ul a.tcs arc largely absc)lt from it. ~’his second conclusion  is quantified ill F’ig. 11, w’llich
S}IOWS that at t}lc clld of hlarc}l  1993, tllc largest partic]cs  situated 2 and 5 arclllill  from tllc
nuclear train along the cast-n ortllcastcrl]  trail  were subjcctcd  to solar radiation pressure
accc]crations  @ of, respcc,tivc]y, 0.005 allcl  0.012 the solar attractioll. ‘J’hc corrcs~)c)llding
diameters of these particles arc 1.2 and 0.5 mm, if their density is 0.2 g/cn]3, or 0.24 and
0.1 lnm, if 1 ,g/cm 3 . ‘1’lic trail’s deviation froln t}lc syndynatnc  ~ == O also affects the length
factor  A, as is apparent from Fig. I 1. IIlstcad of ~ & 15, tlw more appropriate value is now
A == 17.G, as listed in ‘J’able (3.

‘J’hc relatively flat )nass clistributio]l, }1 (m) dm u n2- 1 dn~., the cvidcllce for whit.1] aInollg
tllc largest fragmcmts was })rcsent,cd  ill SCC,. 7 and WIIOSC validity for fragments as small as
~)cbblc-sized plays a critics,] ro]c i]] our co]lisiollal  Irlodcl (SCC., ~), is illc,O1lsistcnt with the

IIugc cross-sectional area of t}lc dust inferred ill Sec. 4 from tho comet’s reported integrated
brightmcss  (Fig. 4). It is apparent froln l“ig. 1 that  t]lc debris irl the dust trails contributes
much less light than the ll~atcrial distributed in t,l~c vast VOIUIIIC  of space ~)rojcctillg  ill
the IIorthcrl;y direction from the trails. As illustrated ill Pig. 11, our model shc)ws tlmt
this W1]OIC  space is a tail region, popula.tcd  by particulatcs  whose motions arc appreciably
affec.tcd by solar radiatioll pressure ,  and t}lat t,hc  arlgular  distallce from tile train /trai]s is
a  measu re  of the partic]c accclcratioll ~ cxcrtcd by this  radiat ion pressure,  ‘J’he a p p a r e n t
discrepancies  in  obscrvatioxla]  cvic]cncc arc rccorlci]cd,  if the mass distribution of tllc debris

is assumed to bccornc significantly steeper than n~ -1 dnz for particles smaller than several
centimeters ill radius. A numcrica] cxcrcisc shows tcntativc]y  t,hat a mass distribution
somewhat st ccpcr  than  m-- 2 h could cxplaill  the inferred large cross-sectional area of fine
dust, without affecting the conccptua]  validity of the collisions] mode] and the estimate
for the size of the original nucleus prcscntcd  ill Sec. 7. F’inc dust, rclcascd at, or shortly
after, breakup from (or along with) the fragmcl]ts  ]~opulating  the train/trails, is ~)rcdicted
tc) line up, on the comet’s images taken at the end of Marc})  1993, along a position angle of
~280°,  which matches closely t})e rcq)ortcd orientation of the tails issuing froxn the lnajor
fragments  (’l’able 2). As showIi in Fig. 11, each such lillc is dcscribcd  by the “parcl]t”
fragment’s angular distance, A* , reckoned alollg  t})e nuclear train (and/or its cxtc]lsioll)
from its middle, or, equivalcnt]y, by a scaled distallcc  A* == 2A* /AnUCl,  dcfillcd  i]) the same
fashicn] as the length parameter ~.
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‘J’hc brightest portion of the tail region, confined  ill F’ig. 1 to a relatively narrow band
along the northcrll  side of the nuclear train, is made u]) of ~Jartic]cs the smallest  of w]lic}l arc
Ilot more tha:n N] 50 pln ill size and subjected to radiation pressure accelerations of N2c~o
of tllc solar attractioll.  }Iy contrast, ~)artic]es ~Jopulatillg  t]le areas lnost distallt  from the
trails, in the northwestern corner of l“ig. 1, are about 15 pm or less in size and subjected to
radiation pressure accelerations of ~20% of the solar attraction. Apparently, tl]c comet’s
debris extends well beyond t}le  limits of the fields ill l“igs. 1 a,r]d 11, both  in the direction
of increasing radiation pressure  (that is, dccreasillg partic]c  size) and ‘(sideways”, toward
scale distances A* > ~, sillcc cqui]ibriuxn  vc]ocitics  acquired collisiollally  by microscopic
grains should, on the average, he IIighm than those of pebble-sizecl and larger particulate.

We close t]tris section wit]l four colnllmllts.  }’;ven  though the existing SCtS of orbital  CIC-
ments  for P/Shoernakcr-  l,evy 9 arc not accurate cnoug]l  to study the long-term evolution
of t})c cornet, we made an attempt to il)teF,ratc its Inotion  back ill t,jlne alld found tlla,t while

~__..T_.T._
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LJ--5
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+5 o -lo -15
OFFSET IN RIGHT ASCENSION (arcmin)

l~](;. 11. Scllcwlat,ic chart  of the moctclcd sj,atial distribution of tlte debris of 1’/Sllocn]akcr-  Levy 9 OIL
1993 March  30.31 U’1’, projected onto the plane of the sky. ‘he offsets in right ascension and dec.li~lation
are reckoned in arcrninutes  from the middle of the nuclear train that is represented by the short double
bar. ‘1’hc  west-southwestcrll a~ld the east-northcas,tcrn  extensions of the train arc the two trails, showII
by heavy lillcs. qiheir “reference” lengths are, respectively, 10.5 and 6.3 arcrnin,  corresponding to J = 25
and 17.6, at position angles of 257° and 73°. q’hc latter trail’s orientation calculated OIL the assumption
of no radiation pressure effect is showII  by the heavy da.shed line. ‘1’he  light dashed lines rurlning  parallel
to tbc dust trails are syndynames, or iso]ines of a constant I)article  acceleration /? due to solar radiation
pressure, exJ)resscd  in units of the so]ar gravitation] acceleration. l’he  light dashed lines pointing toward
the west-northwest, at a position angle of N280°,  are the predicted loci of fine particles released, at the time
of breakup, from (or along with) the ol~jects located at the intersection of these lines with the trai!l/trail
and are identified by their scaled distance A*. ‘1’he slope of these  lines matches closely the observed tail
orientation of the major fragmerlts  (Fig. 1 and ‘l’able 2). Finally, the dotted line, slightly inclined to the
train and the trails, indicates the boundary seJJarating  the population of fragments, to the south, that will
collide with Jupiter, from the debris  that will miss the planet in 1994.

35

—



t}]c co]net wa,s in orbit  a~out Jupiter for at least smwral rcwolutiolls,  there was no close
ap])roac]i  prior to that ill ] 992. ~’])c  previous  nlinimunl pcrijove  ~istancc was N]30 Jup i t e r ’ s
radii ill 1 9 8 9 ,  im])lyirlg that  before  ]  992  tl]c comet Cxpcrienccd  lnaxilnurn  tidal s t r e s s e s
1 0-5 to 10-6  tjmcs smaller  tha]l tl~osc  o]] 8  Ju ly  1992 ancl  that it t h e r e f o r e  c o u l d  l]ot have
spli t  t idal ly before  then.

W e  c a l l  at tent ion to a  potentially significant  role of shape on the effect ive radii of

hot]] the or iginal  nuc]cus a,ncl its fragmC1lts ca l cu l a t ed  f rom c ros s - sec t iona l  a r ea s .  ‘l’hc
a s s u m p t i o n  o f  spherical shape is convC1liCnt  but dclI1ollstrab]y  incorrcc,t.  considcrillg  the
tendency for tidal fracture to procccd a]ong planes that arc normal to t}le comet-- planet
line (Sec. 3), a disk-like sha])c s]lould be lnorc appropriate for t})e fragments, even if the
origi)lal  nuc]eus were spherica]. A disk-sllapcc]  fragment of a radius ~~disk and }l~ight  ~~disk
has an a.veragc  cross- scctiona] area of ~~~{~i~k (] t l~cli.k), Where }~di.k  ‘= ~~disk/~~disk  ~ I to
account for the large llumbcr  of major fraglncllts. Sctti:lg  this expression equal to the cross-,
scctjollal area, of a sphere, n h’~m, yields  ltefi  ==- ~~disk
estimate, ]~di$k

~m and with a conservative
& 0.3 to 0.4, wc IIavc Itcfi  N ().8]/di~k, so tliat tllc splicrical approximation

ull[lclcsti111at(3s  tllc size. 2’l]c effect is CVCII more pronounced in voluInc  collsidcratiol]s,  froln
W]li  C]l O1]C filldS }{.CfT G ~?&sk [--”-S ~ hdi~k and, with t}le  abOVC CStilIlatC fOr hdisk,  &fI < 0.711diSk.

MCIOSh axld Schcllk  (]993)  suggested t]lat  crater c}laills  on <~any~ncdc  alld Callisto  are
ilnpact  sigl)atures  of colncts t]lat  ])ad tidal]Y sp]it near Jllpjtcr prior to t}lcir col]isio?is  with
O]]C of t,]]c two satc]]itcs.  WC regard t]lis ]Iyl)ot}lcsis as Crcdib]c bccallsc fo r t}]c Ina,ssivc
fragllw]lts of l’/Shocmakcr- ],cvy 9 t}lc jovjall radial djflcrcntial  Perturbations, whic]l  ]Jlay
a lnajor role in tllc hflc]os}]-  Sc}lcl]k scenarjo, a])l)car tO dorninatc  the cflects of tllc collisiollal
])articlc velocity distribution. our poi],t of disagreclnellt  wjt}l Scotti and h~closll’s (1 993)
model is thcrcforc  not prinlari]y  the issue of rc]at,jvc  Inagl]jtudcs of the radial-separation
and vcdocity-jfield  effects o]] tlic forlnatioll  of the nuclear train, but  rather the authors’
invalid assumption that the Lreakup (Incalling  t,}Ic il)itiation  of a systematic scpa.ratioll  of
tl]c fragments) occurred cxactl.)~  at pcrijovc. We corlfirrncd h!closh  and Sche]]k’s  (1 993)
conclusion) that rotational bursting alone COUIC1 not explain the high dcgrcw  of linearity
of the! observed crater chains. ]]owcver, wit}] t]lc radial-separation effect dominatil]g  and
wit]l initial  rcltationa] vc]ocitics  of kilometer-sized fraglncnts  collisions.lly randomized  ant]
tllcir  magl)itudes  diminished (K~UCl << I), wc doubt that the il]volvcd  rotatiol)-velocity cf[cc.t
would show up prominently c]]ough ill tllc crater chains.

l“i~lally,  tllc low velocities (a few xn/s) of the dcbrjs arc comparable with vc]ocitim
that theories of solar-systcln  formation often accept as low enough to support accretion
of lna.terial  and growth of sizab]c objects  in the prix[lordial  solar Ilcbula (cf. ]]ailcy d al.
1990 for a review). Hartmann’s  (1 978) quoted laboratory experiments were undertakcll
wit]] these issues in lnilld. c;onsiderillg especially the nigh spatial dcllsity ill t]lc cornet’s
])ost- breakup environ lncntl  OnC wonders lIOW realistic arc tllcse hypotheses of the solar
systcln  origin WhCII  ba,scd On SUC}I accrctioll col]ccpts. Accrctioll does ]]ot appear to work
cfficiclltly  ill the presc]lcc of llca.rby massive pcrturhcrs and these collccpts must therefore
explain IIow slowly accrcti:lf, comctesi:nals  avoided encounters with such objects during
tl]c cvlt,irc pcric)d of t,hcir gravitaticmal  cc)llapse. While wc cannot cxcludc the possibility
that so]ne limited reassenlhling  of the debris may have occurred locally in the dust cloud
of l’/Shocmlakcn--  l,cvy 9 after its tnwakup, the observations show beyond doubt  that the
ultimate result  of low-velocity particle intcracticms is a tl]oroughly  disintegrated object.



9. PREI>ICH’JC)NS FOR 1994

Our predictions for 1994 arc based on the nominal model presented in ‘1’able G and fall
into two categories: (i) ephemerides of the future motions of the debris and (ii) information
on the impacts.

Ephemerides. I’able 7 offers the prcdictcd  apparent ]cngth and orientation of the nuclear
train bctwccn I)cccmbcr  19, 1993 and July 17, 1994. ‘J’hc train’s length is defined as
the angular distance bctwccn the fragments A and W, observed by Jewitt et al. between
March 27 an~d July 17, 1993. ‘1’hc orientation of the train is defined as the position angle
of the great circle fitted throug]) the 21 fragments. Although the orbital clcmc~lts  arc
based on astromctric observations of tllc train’s midpoint, the ca]cu]ations show that this
rcfcrcncc  point determined from the 1993 observations will ‘(travel” along tllc train and
that its distances from the fragments A and W will not remain equal in 1994.

‘J’able 8 lists the predicted separatiol)s  of tllc fragments A througli  1’ ancl 1/ throug}l  W
from the brightest fragment Q along  t}lc  nuc]car train for t]lc same ~)criod of time as
Table 7. ‘l’his cphcmcris  s]]ou]d prove Useful both  for fraglllcl]t identification when the
cornet  rca.ppcars after  its cmljunction wit]l the Sun and for fut urc improved prcd ict ions,
especially ill the light, of Weaver et aj.’s (1 993) remark on the multiplicity of scvcra] of
tllc fragments and the possibility of sccol)dary  fragmentation events (Sees. 7 and 8). Note
that, by definition, t}lc sum of projected separations of tllc fraglnellts  A and W from (~ in
~’able 8 is equal to the trail]’s ]cngth in ‘.l’able 7.

q’a.blc 9 presents the predicted orientations and characteristic lcxlgths of the two trails
and tllc tails. ‘1’l]c trail midpoints  arc defined by tllc adopted lcngtl]s of G.3 and 10.5 arcnlill
on hlarch  30,, 1993 for the cast-northcast,crn  and the west-southwcstcrll  trails, rcspcctivcly.
‘1’IIc cq)hcmcris for the cast-]lortllcastcrll  trail  is ca]c.u]atcd  wit]l @l,cl == 0.018 (rJ’aMc ~).
Since the effect of solar radiation pressure was determined from a subtle 4° deviation in
l)osition  angle and is thcrcforc  uIlccrta,iIl, sca]cd predictions for this trail  are also givcll for
the case of ~,,,~ = O to illustrate the effect’s cha~lging signature in the coming months. Still,
the prediction in ‘1’able 9 dots not describe tllc cast-nortllcastern  trail’s expected bcha.vior
in sufficient detail. q’hc calculations show that llcar the nuc]car train this trail always starts
off in the first quadrant, but during June ancl July 1994 it will develop a sharp, V-shaped
turn at its tip, swinging in tllc o])~)ositc  direction to join the other trail and the tails to

q’ABI,E 7. Wcdicted  apparent length  and position angle for the nuclear train of 1’/Shoemaker-  ],cvy 9
(reference fraum J2000).

])atc” =
l’osi-

O h  ‘1’1)11 l,cngth tion
1 9 9 3 / 9 4  (arcsec)  a n g l e

—

I)CC 19 121 245:9
J a n  8 136 244.1

2 8 156 242.6
I“eb  17 181 241.G
M a r  9 211 241.3

2 9 247 241.7
—

—.-——-
l)ate” 1 ‘osi-

Oh ‘1’I)B Length tion
1994 (arcsec)  angle

——-—

A p t  8 268 242?1
)8 288 242.6
28 310 243.0

May 8 333 243.5
18 357 243.8
28 383 244.0

——. ——

——

Date” Posi-
Ot) T1)B I,ength  t i o n

1994 (arcsec)  angle

June 7 414 244?1
12 433 244.0
17 455 243.9
22 480 243.8
27 513 243.5

July 2 555 243.2
——

———..———
l)ate” I’osi-

Oh TDII  Length  t i o n
1 9 9 4  (arcsec)  angle

July 7 617 242%
9 651 242.5

11 694 242.2
13 751 241.9
15 834 241.3
17 976 240.5

-—..  —

a TDB is hrycentric dynamical time; in October 1993, 1’I)B e [17’+ 60?2.
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form a gradually folding sector of material toward the west-southwest. q’he ephclneris  for
the tail region refers to a sy]ldy~lame  of ~ = 0.02, which approximately defined t}lc outer
boundary of the feature’s brightest portion in late  March 1993. IIccausc  of the continuing
dispersion of the debris in space, the trails and the tail region may appear, in 1994, to bc
fainter and/or shorter than predicted or they may not be detcctcd  at all.

Impacts. I’he orbital elements for the nlid~)c)int  of the nuc]car train (~’able I ) yield a
nominal collision time with Jupiter of 1994 July 21.20590 T’])]] (light time not included),
whose uncertainty has a standard deviation, o, of t7. I hr. As time proceeds and more
astromctric observations arc added to t}lc orbit solution, tllc impact time prediction will
became  more accurate. ‘1’o predict the rate of dccrcasc ill the impact time uncertainty, we
simulated future astromctric obscrvaticms.  We assunled OI]C astromctric observation every
three days starting l)cccmbcr  29, 1993, and daily obscrvatiol]s  i~l the last three days before
impact. ‘1’hc assumed observation accuracy was t].3 arcsec (1 a). ‘J’able 10 presents the
impact time uncertainty as a function of the date of the last astromctric  observation; the
first line of the table  indicates the current uncertainty.

1’ABI,E 9, l’rcdicted  apparent length  and orientation for the dust trails and the tail region of
}’/Shocn]akcr-  Imvy 9.
—.—. —

IIht-northeasterll trail
.— West-southwestern ‘l’ail region

pe,,d = 0.018 ~md = @ (=rm~d) hail (&nd  C ()) (syndyname ~ = 0.02)
l)ate ---- — —.— ——. . . .— - .— _ _ —  —  ..—

oh ‘1’1)11 Length I’osition l,ength  l’osition Length Position IJengtll }’osition
1 993/94 (arcmin)  angle (arcnli~[) al,glc (arc]nin)  angle (arcmin)  angle

—— —.

I)CC 19
Jail 8

28
l’eh 17
Mar  9

29

Apr 8
18
28

May 8
18
28

June 7
12
17
22
27

July 2

7
9

11
13
15
17

12 45°
13 42
15 39
17 39
20 40
24 44

26 46
29 49
32 51
35 53
39 56
43 57

50 59
54 60
61 61
71 61
49 58
30 54

13 39
7 13
6 305

12 271
19 260
26 254

16
18
20
24
28
34

37
40
44
48
54
63

67
49
33
20

9
12

23
28
33
38
44
50

(36°
64
62
61
61
61

62
62
63
63
63
63

59
56
51
41

6
289

265
261
258
256
254
253

24 246°
27 244
31 243
35 242
41 242
4’7 242

51 242
54 243
58 243
61 244
65 244
68 245

71 245
73 245
75 245
77 245
80 245
83 244
86 244
88 244
90 244
92 244
94 244
97 243

9
11
13
15
17
19

20
21
21

22
22
23

24
24
25
26
27
28

30
31
32
33
35
37

276’
275
273
272
271
269

268
267
2(Y.3
265
263
261

260
259
258
257
255
254

253
252
251
251
250
249

——-—. —.——
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~’ABLl? 10. ]~npac.1  time urlcertainty  as a function of time.
— — . — . — — .— — — . . — — — . —

Date of l~st Time before Impact time
observation impact uncertainty (la)

— . - — . — - . — — .

1993 July 11 -lyr *7.1  hr
1994 hfar  26 -4 1[10 d.26 miu

Apr 23 *3 1110 3.23 min
h{ay 20 -2 )110 418 min
June 13 z5~ wk *13 mill
July 14 *1 Wk *7 ~nin

)994 July 21 *6 hr 33 mill
—.— —. ——_— _-— ==

Whi]c the. absolute uncertainty in the impact tilncs of the 2] fragments is likely tO
be somewhat larger than tlic ullc.crtaint,y  for the train’s midpoint, their errors rc]ativc
to the midpoint’s reference time arc considerably smaller, typically 3-10 or so minutes.
‘J’lic relative hnpact  times arc listed in q’ab]c 11. ‘J’hc impacts arc predicted to occur 011
the far side of Jupiter as viewed from Earth, at jovigraphic  latitudes ranging froln -410
to –47° (cquiva]cnt  to jovicclltric ]atitudcs  bctwccl]  --37° a,rld –43°) and at mcridiall  allg]cs

~’A131J3  11. Predicted relative times of impact for the 21 fragments of P/Shocn~aker-  l,cvy 9
and probabilities of favorable satellite configurations.

l’rohahility  of favorat)le satellite configuratiollb
impact time” .- —.-.. ——--—.  ——. ———

lrragrllcnt
-— —- —.—. _—

(days) 10 I;uropa Ganymede Callisto
—— ——————-——-.—- .————. _—

A -2.7303-0.006 0.47 0.05 0.02 Loo
11 -2.4673.0.008 0.76 0.24 0.00 MO
c: –2.271 + 0.006 0.79 0.47 0.00 Do
1) -2.084 + 0.009 0.66 0.71 0.00 ~o
K – 1.9404 0.004 0.48 0.85 0.00 ~o.
F --1.56740.012 0.10 fMIQ 0.00 ~o
G –1.260 ZL 0.006 0.14 Q9E 0.00 JfICo

11 -0.767 + 0.004 0.69 0.6.s 0.00 No
J -0.4733.0.011 0.78 0.30 0.00 ~t
K –0.150 + 0.004 0.46 0.05 0.02 0.82
1, +0.344  4.0.004 0.05 0.00 0.32 0.23
M +0.675  ~ 0.016 0.29 0.02 0.74 0.03
N + 0.830+ 0.004 0.48 0.05 0.88 0.01
1’ + 1.040+ 0.011 0.72 0.17 0.97 0.00

Q ’ + 1.245 + 0.005 0.79 0.40 ~ 0.00
1{ + 1.640+ 0.006 0.43 0.86 ~ 0.00
s +-2.057 + 0.014 0.06 m m 0.00
~’ +2.155  ~0.012 0.06 &%J ~ 0.00
u + 2.336+ 0.009 0.17 Q&3 ~.~ 0.00
v +2.605  + 0.016 0.48 0.87 L.!m 0.00
W +2.745 40.006 0.65 0.74 J@J 0.00

——-———-———————=:-=— ——.
0 I{elative to the midpoint’s reference time, for whit}, OUI current estimate i~ 1991 July 21.24 0.3(1 o ) TI)H.
b Occultation.CJ by Jupiter not taken into account.
c Brightest fragment.
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rangi?ig  from 34° to 37° passt local  midllight. q’hc S~lll-fragrnel~ t-Jll]~itcrcc~ltcr  angles
at irnpac.t  will vary between 510 and 57° and t}le  }~larth-  Jupiter center-fragment angles
bctwccll 11 7(’ and 122°. Wc cautioll that the tabulated sequence of ilnpacts  is b~~cd on the
current knowledge of 2] major frag~lmnts. If s(mic of the fragments began to develop into
multiple systems, as suggested by Weaver ct al. (1993), g’ables 8 a~ld 11 may SOO]I recprire
nunmrous  revisions and/or additions,

‘1’he predicted impact-time distrilmtio]l  for tllc 2] fragments is p]ottcd  in Fig. 12, show-
ing peaks at both ends of the IIuclcar train and a Lroacl minimum ill the Iniddlc. ‘1’hc
histogram, reflecting the clistribution  of frag]ncnts  along the train, is presulned  to bc a sig-
nature of tidal fracturw of the comet’s progcnit,c)r nucleus and will hol)cfully  contribute to
a better understanding of the breakup mechanism, mm] though its interpretation-- save
unlikely ad Aoc models, such as a dulnbbcll-shaped or a binary  nuc]cus-  clocs llot appear
to bc straightforward, Another interesting feature of Fig. 12 is the apparcnlt tc~}dcncy  for
most of the fragments to cluInp into grcmps; Ilotc, in particular, the threw clusters of five
fraglncnts  C~lCh, A-N, I,- Q, ancl  S-W.

I’})crc is gcnlcral illtcrcst  il] obscrvi]lg reflections, froln the surface of favorably located
jovian  satellites, of the luminous energy released during the fireball cx~)losions,  brought
about by the individual fragments plunging  illt,o  the planet’s a.tmcxsphm-c  (e. g., Sckallina
1993). Since the scatter ill the impact sites of the 21 events  in the nonrotatil]g  joviccmtric
coordinate systcm is only a fcw dcgrccs, the impact times  account for virtually all t}lc
ullc.erta,inty  involved. At present this uncertainty is still too large to predict with confi-
dence all the satellite configurations relative to the local horizon at the critical times. q’his
is particularly true for 10 and, to a lesser dcgrcc, l’krro])a.  q’o assist in the planllcd  observing

-T-.. ~-–T-–.~T—-[–--T–-–l  ‘-7—-T–-T “-T

IMPACT TIME DISTRIBUTION OF
21 MAJOR FRAGMENTS OF

PISHOE.MAKER-LEVY  9

4BCDEFG H J K L M N P Q  R S T U V W

I)’l’If I I I l l  ))))1 I)HI(

L -
+3

14’IG. 12. }Iistogram  of the im])act
times predicted for the fragments
of I’/Shoerrlaker–I,evy  9. Our best
estimate for the reference time,
1994 July 21.2+ 0.3 (la) TDI1, is
subject to future refinenlents.  l’he
upper part of the figure depicts the
impact events of tllc 21 fragments
by their letters. The heaviest mark
identifies the brigbtest fragment Q,
whereas  the medium heavy marks
SIIOW tbc 10 additional fragments
measured by Weaver et a]. (1993)
and the light ones the 10 remaining
fragrmxlts.

TIME OF IMPACT (days from relererlce  iime)
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efforts to the extent  possible under  tllc circumstances, we established, separately for cacll  of
the four Galilean satellites, the probabj]jty  of favorab]e  conditions for each of tllc 2] events.
If @j,”], and (~imll,  arc the nominal values for the meridian angle (rcckoncd cast ward from
the local midnight) and the jovigra])hic latitude at the site of the explosion, a satellite will
bc above the horizon when it is situated within  an orbits] arc boullded  by the meridian
angles 0- =. ‘@in,I, -- A@ and ~+ =: ei,ll~)  + A@, where

———. —
]1’Jfi ‘ - [ ]  ‘ ( ]  ‘(J)z] sjI]2@jr,,1,

cos A@ = -–-–--——–– (42)
?’*  COS (~j~,]],

9

ItJ is Jupiter’s equatorial radius, (J its polar flattening, and 7,* the satellite’s orbits] radius.
ATI impact time uncertainty, dcfillcd by its standard deviation CT, can convcl]iently bc
lncasured  in tcrlns  of a starldard  deviatio~l  a~) of t,hc equiva]cnt uncertainty of ihc meridiaxl
angle of a satellite that  orbits in the p]allct’s cquatoria]  }J]alle.  If t}lc satc]]itc’s calculated
meridian angle at the nominal i~npact  time is O*, t}lc  likelihood that it will be above
t]lc local horizo]l  at the actual illll>a,ct  tilne is I)lcasurcd  by t]lc area of tllc ])robabi]ity
curve, whicl] is  centered On @*, W11OSC s]lapc is c]]aractcrized  by the s t a n d a r d  dcviatioll
CT@, and W11OSC  boundaries, given by e-- a,lld e+ , arc ill general asylnmctrical]y  situated
with rcspcxt  to Ox. ])isregardillg  occultations by Jupiter, t}lc probability ]] of a favorah]c
configuration of a satellite WIIOSC synodic,  orbital period about  Jupiter is }\Yn is

@+
J] == Const

/[ 1

(@--@*.)’  ~o,
Cxp . ..- —.. —.

E) - 20:
(43)

w]lere.  U@ = (>!n /J~Y1,)a, the cllrlent va]llc of u is 7 . ]  hr (~’a,ble ]0), alld the norrna]izai,  ioxl
constant is dctermilled  by a coxlditioll that II c I W1lCXI  the i~ltegratioxl is carried out from
-. MI to +~. ])efinlng A@* == @*-– @inII,, the expression for 11 cal] bc rcwrittell  thus:

[(11 = ~ erf
A@-1 AGx. l~Y,,

) (

A(3-AG F&,l– — . – -  .  _ _ _ _  + Crf _ . —.
) 1

(44)
Ufi , Oti 2T ‘

where A(3 fronl ( 4 2 )  a n d  A(3X am ill radians,  -l~Y,, is ill the salnc units as o, arid the
probability integral is

JcxP(-Y’) d,.crf (f) c —2--- (45)

TIIe  effect of inherent  indeterminacy of  tllc solution for satellites whose  orbital period is
]Iot at least a factor of 10 or so greater tlla.n the s t anda rd  dev i a t i on  o of the u]lcertai]lty
in the ilnpact time is reflected in t}le max imum and  min imum p robab i l i t i e s  lln,aX < 1 and
11 mi n > 0. I’heir values are obtained by setting A@x in (44) equal to O and in, respectively.
wit]) the relevant constants for Jupiter and its satellites taken from Scidc]mann (1 992), wc
fi]ld Ilm,aX = 0.80 and llntil,  = 0.04 for 10, but 0.993< III,,&X  <1 and lIntin <0.001 for the
otllcr  three satellites. We alsc) poirlt out that an event observable at a 1 u confidence level
correspol]ds  to 11 = 0.84, at a 2U lCVCI to 11 D 0.977, and at a, 3U level to II z 0.999. No
such events  can at present be predicted for 10 al)d I]o 30 level events for I’;uropa.
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!J’llc calculated probabiliticx  11 for LIIC 21 events arc listed in columns 3-6 of ‘1’able 11.
‘Nc probabilities referring to events prcdictcxl  at ~2u confidence level are underlined. one
can see from the table that Callis~o  is expected to be favorably situated for the early
impacts, which will involve t}le fragmcvlts  A-11 and pcrllaps  also J, whi]c Ganymedc  for
the late impacts, involving the fraglnents  1{- W, perhaps also 1’ and Q, and possibly even N.
‘1’here is a gc]od chance that, observations of l;uropa  could bc used to gain inforlnation  on
the impacts of the fragments 1“, G, S, 2’, and 11, and pa-haps eve?l  It, R, and V. Although
10 will bc situated favorably for at least a few impacts, their predictions arc at this time
still uncertain. ‘1’hc possible candidates arc t}lc fragments ~, J, and Q (the brightest one).
At present it appears that, in tcrrm of the configuration of the Galilcan satellites, the least
favorable  CkIIIIIStaIICeS wi]] pertain to tlic impacts of the flaglllCllts  1(- hl, although  thiS
could change if our absolute impact times are in error by more than 10.

~’lle impact circumstance for the debris outside tl)c nuc]car train arc more diverse than
tllc conditions for the 2] major fragments, as SCCII from a sumlnary  i~] q’able 12. Our
calculations indicate that only a small fraction of t}lc  volume occupied by the comet’s
matcria]  contains debris that will collide with Jupiter in 1994. ‘1’hcse particulatcs  arc
subjected to radiation pressure accelerations Ilot cxcccding a critical value @C,.it, which
depends on the scaled distance A*. l“or tllc comet’s ilnagc takel) 011 Marcl] 30, 1 9 9 3
(Fig. 1), tllc bourldary  hetwccll  particles that will strike tl]c p]a]lct in 1994 slid t}losc that
will miss it i:; represented irl Fig. I I by a dotted curve, which can very closcdy bc lnatched
by the following relation bctweell A* and tl)c critical radiation pressure acceleration ~Cril:

Lit = 0.00345 ~ 0.01968
(f~)i 0004]36(fH

(46)

wllcrc i,llc  upper  sign o f  I,hc l i n e a r  tcrln a~)plics  t o  tltc east-nortllcasterll t r a i l  alld tile

lower sign tc~ the west-southwestern t rai l . however ,  a long the cast-northeasterrl  trail this
formula is  val id  only at points  W}IOSC A* d o t s  l]ot exceed 18.2,  a  value that  is s l i gh t ly

‘1’ABIX 12. l’redictecl  circ.um..tanccs at the cornet’s encounter with J upiter  ill 1994.
— —.—.-..————— ——. ———. - —

I’:eatu re Scaled Radiation pressure ltesult of encourlter
identification distances A* accelerations ~ wit])  Jupiter

— ——

I;ast-l)ortlle&stcrll  trail >2.8 All Miss
~rld associated tail region 52.8 <~~~it” ]rnpacts  on July 15-18

~2.8 >@C~i~a A4 iss

Nuclear train <lb o Imj,acts  on Jttly  18-23
and associated tail region ~~b

<Ocritc lrnljacts  on July 18-26
<lb >~~~itc Miss

West-southtwcstern  trail 525 0 Impacts on Jrtly 23- Ott. 2

. and associated tail region ~ 25 <~c~ild lrnpacts orl July 23-Ott. 9
All >~=,i~d Miss
——= ——- — —  =. .-—

o Oc,it VMi=  Ifrorn  0.0029 for A“ = 2.8 to 0.00325 at boundary with nuclear train (A* = 1).
b  By defi .nition.
~ ~.rit VFLIWE from 0.00325 at eastcrr, end to 0.00365 at we=ster,, end of train.

~~rit vark :frmu  0.00305 at boundary wit}, nuclear train to 0.0086 at trail’s adopted end~,oint (A” = A = 25).
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grwat,er  than the trail’s adopted length factor ill q’able 6. Any particles that,  may have ~+
]arger t]~an t}lis limit  wi]] miss Jupiter in ] 994. Since  t}le  observations suggest that  partic]c
accelerations ~ along this trail  illcrcasc, apparently ]incar]y, with il~crcasing  distance from
the nuclear train, a relation /3 c 0.001023~* is implied bctwccll the two qualltitics,  as seen
from Fig. 11. ‘1’hc impact boundary curve intersects this trail at a pc)int given Ly .k* = 2.8
and &nL == 0.0029. ‘J’his will bc the comet’s first clcbris to strike Jupiter, just three days
or so before the arrival of the fragrnel)t,  A. g’hc predicted jovigraphic  latitude of the first
ilnpa.cts  is about +40°,  the mcridiall allg]c ~500 cast of the local midnight, and the angle
bctwccn the Mart]]  and the impact site rncasurcd from Jupiter’s ccn)tcr N] 15°, so these
car]y events vvi]] again take p]ac,e on t}le p]anct’s far side.

All tllc debris distributed along the west-southwestern trail will collide with Jupiter
(Fig. 11), but not until  after  the major fragrnellts. }1’or this trail’s adopted lcllgth factor
J = 25 (’1’able 6), the impacts arc predicted to continue for w2~ months, froln late  July
through early Octobcr  1994, alld the impact  sites to bc strongly time depclldcnt.  q’hc
jovigraphic  latitude is expected to be about  --sOO ill late July, – 60° in the .scc.oIld IIalf of
August, back to –45° ill mid-Scptc.mbcr and to --15° at tllc bcgin]]ing  of octobm.  lhrring
t]lc salnc period of tinlC, the meridian allg]c is prcdictcd  to illcrca,se gradually from N40°
all tl]c way tc) ~] 10“ east of t]lc local  rnidnig})t.  on t}lc other hand,  the a,rlglc  subtended
by t]le directions to l;art,}l  and to tllc impact  sites, as vjcwcd froln the cclltcr of Jupiter,
is prcdictcd  to decrcasc  from w] 10“ to N60°. ‘1’he impact sites will pass from the planet’s
far side to its near side 011 August 2], from w}lic]l  time 011 irnpact,s  will bc ohscrvablc  from
l;artll directly, provided the magnitude of these events ha,s rcachcd the c]ctection  thrcsl)old.

l’roln  the critical radiatioll  ~)rcssurc acce]cratiolls @Ctit of the tail partic]cs  it follows that
o]l]y t,]]osc  larger thal) NO. ] to W] mm in radius Wi]] co]]idc  With Jupiter. ~’}]e impact  s“it,cs
will dcpclld stro]lgly on Lot}] t}le ilnl)a,ct tilne and the ~)artic.lc acceleratioll  ~, except for
particles sub jcctcd  to accelerations near &nL, ‘1’hesc will strike the planet on the far side,
ai a jovigraphic  latitude of about +-400 alld a rncridia~l angle of 45° to 50° cast of the local
Inidnight  regardless of t]lc i]npact  time; irl these cases t}lc  ang]c bctwccn tile impact poi~lt
and l;artll,  measured at Jupiter’s ccl)tcr, is 115° to 120°.

WC IIave  Ilc)t cxa,rnincd  the trails  and t}lc  tail rcgio]ls t}lat correspond to scalccl  distances
Ax larger than the length factors adopted in ‘1’able 6, bccausc of the cx~)ccted  scvcrc
clcp]ction  of the particle population. I]owevcr, a]] such debr;s distributed to the northeast
of tllc comet will miss Jupiter ill ]994, w}li]c  that co]lfincd  to a narrow band along the
west-southwestern trail will strike the planet during October and the following mo~lths.

l’~vcJ] though the fra,g]ncnts  and other debris of }’/Shoenlakcr-LcvY  9 that will co]]idc
with Jupiter occupy an extrcme]y  li]nitcd volume of space, t]lcy contain virtua]]y  al] the
mass of the progenitor cornet, estimated at 7 x 1016 g at a.1) assumed density of 0.2 g/cm3.
A little  more than 10% of this mass will be dissipated in t}le jov;an atmosphere by the
various compcments of the brightest fragment during a fcw closely spaced events, probably
on July 22, 1994, somewhat more thall 80% w;]] be dclivcrcd by the 20 remaining  fragments
during a pcric,d of ICSS  than 6 days, OX I July ] 8-23, ] 994, and the rest, some 5%, by the
submillimeter-  to subkilomcter-sized  debris bet,weel) nlid-J uly and early October 1994.
Only limited a,ctivity  might occur before the beginning and/or after the cnd of this period
of tirnc. Much of the microscopic debris, in particular all micron- arid suhmicro:k-sized
particles (withl the cxccption  of extrclnc]y  tiny grains, <<0.1 j~m ill size, which, if present,
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would essentially be unaffected by radiation prcssum)  will miss not oIIly tile planet, but
the cntirw jovian system. The particulate debris that will bc injected into the spherical
volume of space hetwecl] the pla,nct  and t}lc  orbit  of Ca]listo will consist of grains  subjected
to solar radiation pressure accelerations of ~Cnt  < ~ ~ 0.04, whose typical sizes are bctwec]i
scwcra] tens of microns and <0.1 cm alld wh ic}l arc estimated to carry an extremely small
fraction, per}laps  on the order of ~1 0-’0 the comet’s mass, or a total of only several
tons or lCSS. Proportio])atc]y  less mass will bc injected by the comet into the smaller
volumes of space, bounded by the orbits c)f the satellites interior to ~allisto.  It is therefore
questionable wl)ether  this amount  Of dllst Wil]  SuffICC  to trigger  major phcIloIIlena  in the
jovia)l  maglletos]~hcre ancl/or in the c}]arged Cnviro]lment  of lo’s torus .  If llot, any possible

d i s t u r b a n c e  c)f this type would be duc to short-term  interact ions involving the maimrial
about to strike the planet .

Much of vvhat wc have predicted for the fate of comet Shoelnaker--  I,evy 9 is based
UpOI] an orbit solution computed froln astromctric  obscrvatio~ls  of the train’s midpoint.
‘1’llis  reference point has 110 large fragrncllt  associated with it nor does it represent t]lC
cornet’s ccntcr  of mass. As pointed out in tllc bcginllillg  of Sec. 9, the motion of tlw
midpoint, computed from 1993 obscrvatio]ls,  will Ilot correspond to its IIlotioll in 1994 duc
to increasing  differential ~Jerturbations bctwccll the train  ‘S endpoints, In tl)c future, wc
strongly enccluragc  observers to provide astrolllCtric,  Obscrvatiolls  Of jlldivjdl]a] fraglllcllts
with respect to background stars. Astrc)metric observations for all the fragments would
k very liclpful  ill prcdictil)g  tllc trail]’s cwolution. IIowevcr, si]lcc the prcdictcd  relative
~)ositiolls of t]hc fragments arc like]y to be Inore accurately determined that] t]]eir individual
il)ertial  ])ositions, astromctric obscrva,tiolls  of on]y a few of the brighter  fragments will
improve the position accuracy for all of thcm. In addition, we encourage observers to
~)rovide ~)ositiorl  angle and angu]ar  separation observa,tiolls  for individ~ja]  fraglneIlts  with
rmpcct  to tlw brightest fragment.

Our investigation describes and interprets tile complex character of the ]mocesscs re-
sponsib]c for the highly ullllsua]  appearance  of ]’/Shocnlaker-], cwy 9 arid provides infor-
mation on the various phenomena expected during the comet’s forthcoming encounter with
Ju~)itcr.  }tvcn tl)ough it is obvious that for all practical purposes the comet will cease to
exist in 1994, much of its finer debris will cscal)e the doomed fate  of the large fragments
and will also avoid any intcractiol)  with the jc)viall  rnagnctosphcrc  and 10’s torus. h40st
of t}le microscopic debris will apparently cxld up in widely scattered orbits control]cd by
a continuing  tug of war betweml  the gravitational fields of Jupiter and the SUI1.

Wc thank 1). Jewitt for commuI]icatillg his astrornctric  measurements of the individual
fragments  on the colnet’s ilnages taken by himself, J. I,uu, and J. Chen. We also thank
11. A. Weaver for in-depth information on tllc irnagcs  obtained wit]l t}ie l]ubb]c Space ‘l’c]c-
scope and J. V. Scotti for providing  us Wit}l  tile image  of ]’/Shocnlakcr–  ],cvy  9 which is
reproduced in l’ig. 1. We arc grateful to It. F’. lIelill  a n d  W .  Z. Wisniewski f o r  i n f o r m i n g
us on their images of the comet, which we used for feature measurements reportecl in ‘l’a-
blc 2. ‘l’his research was carried out by the Jet ]’repulsion laboratory, California IIlstitutc
of ~’echnolog;y,  under colltract  with t})c National  Aeronautics and Space Administration.
Partial support was provided by NASA through Grant GO-5021 .01-92A from the Space
‘J’e]escope  Science Institute, which is o])erated by the Association of Universities for ILe-
search in Astronomy, Inc.
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